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Abstract 
 
Friction Stir Welding (FSW) is a solid state welding process that uses a third body (tool) to 
join two faces of the work pieces. Heat is generated between the tool and work piece 
material due to friction of the tool shoulder with the work piece surface. This leads to rise in 
temperature which makes the material soft near the FSW tool. Then, both the work piece 
materials mechanically intermix at the place of the joint to produce the welding. FSW has 
been successfully used to join similar as well as dissimilar materials. It has also been 
effectively used to join materials that are difficult-to-weld materials by conventional fusion 
welding methods. Fusion welding when used to join dissimilar metals leads to defects like 
lack of fusion, distortion, crack formation, incomplete penetration and undercut. FSW, being 
solid state welding process, can successfully eliminate most of the defects which occur due 
to melting of material during welding. Some of the important parameters in FSW are tool 
rotation speed, transverse speed, tool pin dimension, tool tilt angle, offset of the tool from 
weld line and tool pin profile. From literature survey it was observed that these parameters 
affect the quality of weld. So, the influence of the parameters is needed to be established on 
the weld quality. In this context, the present work highlights the significance and effect of tool 
rotation speed, welding speed, tool pin profile and offset of the tool on weld quality. Different 
destructive and non-destructive tests have been carried out on the weld to get insight into the 
weld and its properties. Friction stir spot welding (FSSW) is a type of FSW, which is used to 
create a spot weld. The effect of tool rotation speed, dwell time and tool pin dimension has 
been investigated on spot welding of different materials. Three types of welding have been 
done in FSSW: similar metals, dissimilar metals and metal-polymer. Face centred central 
composite design of response surface methodology has been implemented to design the 
experimental layout for different experiments. Tensile strength test, bending strength test, 
visual inspection, radiography test and Vickers hardness test are the major tests that have 
been implemented on the weld to analyse the weld quality.  Analysis of variance has been 
used to analyse the data, find the significant and non-significant parameters and estimate 
their effect. 
 
Keywords: Friction stir welding; Friction stir spot welding; Similar metal welding; Dissimilar 
metals welding; Metal-polymer welding; Destructive tests; Non-destructive tests. 
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Chapter 1 
INTRODUCTION 
1.1 Background and motivation 
Welding is a permanent joining process that finds application in a varied and extensive manner 
in metal working industries. In welding, a permanent joint is produced by the mixing of parent 
material with or without application of filler material. There are two types of welding processes. 
First is the fusion welding process in which parent materials are heated to molten state and 
then materials solidify together. Second, the solid-state welding process in which the parent 
materials are not melted but the welding occurs due to high temperature and pressure. Most 
of the welding is done with fusion welding process because of its convenience and less critical 
fixture requirement. Solid state welding process is carried out at a high pressure for which a 
robust fixture is required. Due to less defects present in solid welding processes, it is used in 
applications that require high strength. 
Ferrous material can be easily welded with fusion welding process but non-ferrous material 
like aluminum and copper are difficult to weld through this process due to high thermal 
conductivity and low strength. Friction stir welding (FSW) is a revolutionary welding technique 
which can used to join these materials (Nandan et al. 2008). Since FSW is a solid state welding 
process, melting of material is absent in this process. Due to this, all the defects which occurs 
due to melting of material during welding (e.g. porosity) are absent in this weld.  It can be used 
to join similar material as well as dissimilar materials which have different mechanical and 
thermal properties (Plaine et al. 2016). This technique finds wide spread application to join 
nonferrous and dissimilar materials. This process is widely utilized in welding of aluminum and 
its alloy, copper, ferrous material and even polymers. As many welding processes are available 
for welding ferrous material, more emphasis is given to welding of non-ferrous metals and 
polymer.  
The concept of welding through FSW is very simple. A high strength non-consumable rotating 
tool with specially designed pin and shoulder is inserted into the plates to be welded and 
transversely moved along the weld line (Nandan et al. 2008). For successful FSW, it is 
necessary to have tool yield stress and rigidity higher than that of the work piece. The tool 
serves two necessary purposes: a) Mixing of work piece material to create the joint. b) Heating 
of the work piece through friction. As localized heating takes place in this process, the material 
temperature increases and the material becomes soft. The motion of the tool pin and shoulder 
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mixes the material of the different bodies and produces the weld. The work piece material 
moves around the tool pin during welding and is pushed from front to back when tool moves 
in transverse motion. 
1.2 Work piece materials 
For the current study, different materials have been used for the investigation. This includes 
metals and polymer. Due to the difficulty faced in welding aluminum and copper by fusion 
welding process, emphasis is given in welding these materials and their alloys. The second 
most widely used materials in sheet form, after metals, are the polymers. However, no welding 
process has been widely accepted for welding metals with polymers. In this study, attempt has 
been made to weld these materials together and study the effectiveness of the weld. Given 
below are the materials which have been used as the work piece materials.  
1.2.1 Aluminum alloy 
Aluminum is used in manufacturing and fabrication industries due to its favorable properties. 
Aluminum is a light weight metal which has high strength to weight ratio and corrosive 
resistance property. It is highly ductile, malleable and machinability. Aluminum is widely used 
in ship building, automobile, aerospace and infrastructure industries (Brown et al. 1995; Das 
et al. 2007). Aluminum alloy makes a passive oxide layer on the surface when it comes in 
contact with oxygen. Hence, it restricts further oxidation of the body. Aluminum 1060 alloy is 
one of the most widely used aluminum alloy in the field of civil infrastructure projects. It is widely 
used to make doors, windows, partition etc. This alloy, a low temperature and low strength 
alloy, is used in applications where the temperature variation is less. It is highly corrosion 
resistant and gives a very good material life. It is highly used in civil works and making interior 
of houses. Table 1.1 shows some of the important properties of aluminum 1060 alloy. All the 
properties of the material have been taken from MatWeb (http://www.matweb.com/) 
Table 1.1 Properties of aluminum 1060 alloy  
Density                                                                2.7 g/cc 
Tensile Strength: Ultimate (UTS)                        68.9 MPa 
Elastic (Young's, Tensile) Modulus                     69 GPa 
Poisson‘s Ratio                                                    0.33 
Thermal conductivity                                            234.2 W/m-K 
Specific Heat Capacity                                         900 J/kg-K 
 
Aluminum alloy 6061 is one of the most commonly used aluminum alloy. It has silicon and 
magnesium as the major alloying elements. It has good strength and mainly finds its application 
in the field of ship building, aerospace and automobile parts manufacturing industries. This 
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alloy has good weldability properties but welding of thin plates is very difficult to produce. It is 
also used in manufacturing of high strength frames. Table 1.2 shows the properties of 
aluminum 6061 alloy. All the properties of the material have been taken from Aerospace 
Specification Metals Inc. (http://www.aerospacemetals.com/)  
Table. 1.2. Properties of aluminum 6061 alloy  
Density                                                                2.7 g/cc 
Tensile Strength: Ultimate (UTS)                        310 MPa 
Elastic (Young's, Tensile) Modulus                     68.9 GPa 
Poisson‘s Ratio                                                    0.33 
Thermal conductivity                                            167 W/m-K 
Specific Heat Capacity                                         896 J/kg-K 
 
1.2.2 Poly (methyl methacrylate) 
Poly (methyl methacrylate) (PMMA) is the synthetic polymer of methyl methacrylate. It has 
shatter-resistance property due to which it is used as a replacement of glass where chances 
of breakage are high. Due to the properties like easy handling and low weight, it has wide 
spread application in different field of manufacturing. PMMA is used in place of poly carbonate 
where high strength is not required. It is a transparent material which can be dubbed with 
different coloring reagent during manufacturing to get required color. It is used in the wind 
shield and safety glass of automobiles and home interiors. It is finding a wide application in 
making PMMA based bone cement (Mousa et al. 2000). PMMA is having very low thermal 
conductivity and melting point. This material is difficult to weld with metal through conventional 
welding process due to difference in properties. It is used in frames of aluminum for the 
fabrication of partition in interior design of home. In the fabrication it is placed in the frame and 
no permanent joint is given there. Due to lack of joints, the strength of the partition is very low. 
Table 1.3 shows the properties of PMMA material. All the properties of the material have taken 
from MIT material database (http://www.mit.edu/) 
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Table 1.3 Properties of PMMA  
Density                                                                1.17 g/cc 
Tensile Strength: Ultimate (UTS)                        48-76 MPa 
Elastic (Young's, Tensile) Modulus                     1800-3100 MPa 
Poisson‘s Ratio                                                    0.35-0.4 
Thermal conductivity                                            0.167-0.25 W/m.K 
Specific Heat Capacity                                         1466 J/kg-K 
 
1.2.3 Pure copper  
Copper is pure element material which has a wide spread utility in different fields due to its 
high electrical and thermal conductivity. Copper has vast application in electrical and electronic 
industry. But copper has very low weldability and is generally joined through brazing process. 
Brazing process produces a weak joint and also a low temperature joint. It is very difficult to 
join copper with any other metal due to large variation in properties. FSW being a solid state 
welding technique can be used to join copper with other material. In the present study, copper 
has been successfully welded with PMMA and aluminum 6061 alloy. Table 1.4 shows the 
properties of pure copper. All the properties of the material have been taken from MatWeb 
(http://www.matweb.com/) 
Table 1.4 Properties of pure copper  
Density                                                                8.93 g/cc 
Tensile Strength: Ultimate (UTS)                        210 MPa 
Elastic (Young's, Tensile) Modulus                     110 GPa 
Poisson‘s Ratio                                                    0.343 
Thermal conductivity                                            398 W/m-K 
Specific Heat Capacity                                         385 J/kg-K 
 
1.3 Tool material 
H-13 tool steel has been used as the material for the manufacturing of tools. It is a chromium 
molybdenum hot work steel that is widely used for hot and cold tooling application. H-13 tool 
steel is used to manufacture tool which are used for high temperature and cyclic heating and 
cooling operations. FSW experiences temperature up to 70-80% of the solidus temperature of 
the material. The hardness of the H-13 tool is not affected much at this temperature. Heat 
treatment processes can be applied on this material to increase its hardness. Table 1.5 shows 
some of the properties of H-13 tool steel. All the properties of the material have been taken 
from MatWeb (http://www.matweb.com/) 
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Table 1.5 Properties of H 13 tool steel  
Density 7.80 g/cc 
Tensile Strength: Ultimate (UTS) 1990 MPa 
Elastic (Young's, Tensile) Modulus 210 GPa 
Poisson‘s Ratio 0.30 
Thermal conductivity 24.4 W/m-K 
Specific Heat Capacity 460 J/kg-K 
 
1.4 Friction Stir welding 
Friction stir welding is a solid state welding process which uses a third body to mix the material 
to produce weld. Figure 1.1 shows the schematic diagram of butt weld with FSW. Two work 
piece plates are kept in contact with rigid fixture. The tool is inserted into the work piece and 
then tool is moved transversely along the weld line. When the tool moves, material is pushed 
from front to back and due to mixing the weld is generated. The side in which the tool rotation 
direction and welding direction are in same direction that side is known as “advancing side”. 
The side in which the tool rotation direction is opposite of the welding direction that side known 
as the “retreating side”.  Literature suggests that most of the work done on FSW of aluminum 
alloy use high strength aluminum alloy as the work piece material (Trueba et al. 2015; Dwivedi 
et al. 2014; Peel et al. 2003). However, in this work, an attempt has been made on FSW of 6 
mm plate made of low strength aluminum alloy (aluminum 1060). The limitation of FSW 
process is that it requires a rigid fixture. The tool generates very high stress in the work piece; 
hence there is high chances of distortion and displacement of the work piece (Fratini et al. 
2010). A small displacement in work piece can lead to defects like fullering, tunneling and root 
gap defects.  
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Figure 1.1 Schematic diagram of butt joint by FSW process 
 
1.5 Friction stir spot welding  
Friction stir spot welding (FSSW) is s process in which a spot weld is generated between two 
materials. This type of welding is done where less strength is required and the movement 
between the given materials is to be restricted. A series of spot weld can lead to a very strong 
weld. The basic difference between the FSW and FSSW is that no transverse direction motion 
is given to the tool in FSSW. Welding of thin plate is always been more difficult than the welding 
of thick plate due to less rigidity and strength of thin plate. The chances of distortion are very 
high in thin plate during welding. Due to this, fixture is critical in performing the weld. Figure.1.2 
shows the schematic diagram of lap weld with FSSW process. 
In FSSW, a very high stress is generated on the work piece. To keep the work pieces in 
position, a rigid and robust fixture is to be generated. A high pressure is applied by the fixture 
on the work piece to keep the work piece in position. As aluminum and PMMA are having less 
strength to volume ratio, it is difficult to weld thin plates. The current challenge is to spot weld 
similar metals, dissimilar metals and metal-polymer materials. The design of fixtures has been 
critically studied so that the weld is generated proper and without distortion. 
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Figure 1.2 Schematic diagram of lap joint by FSSW process 
 
1.6 Need for the research 
Through the extensive literature survey (chapter 2), it has been identified that limited work has 
been done in many areas of friction stir welding and friction stir spot welding process. Strength 
of the weld is one of the major concerns of any weld produced. It has been observed from 
extensive literature review that the weld produced by FSW and FSSW is highly dependent on 
the welding parameters. A change in parameters can increase or decrease the quality of the 
weld. In order to achieve a good weld, significant parameters need to be identified and their 
effect on weld quality must be assessed. Welding of thin sheets is very difficult through 
conventional welding process due to high heat input during the welding. FSW and FSSW are 
promising technique which can be used to weld sheets of thickness in fraction of millimeter. 
Therefore, research needs to be directed in the area of welding of similar as well as dissimilar 
thin sheet plates. Metal and polymers show a vast difference in their properties. A permanent 
joint of these materials are hard to be produced. These materials are mostly joined by adhesive 
bonds. Some attempts have been made in welding of these materials through FSW and FSSW 
but rigorous study is required to assess the weld properly. 
The following are the research gaps found after extensive literature survey: 
 Research on FSW of high strength aluminum alloy has been carried out to a large 
extent but limited work has been reported on FSW of low strength alloys (Zhang et al. 
2013; Peel et al. 2003; Gibson et al. 2014). FSW of low strength alloy is dominantly 
found in application like interior design of house. 
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 Most of the research on weld strength in FSW focuses on tensile strength of the weld 
(Trueba et al. 2015; Dwivedi et al. 2014). Limited studies attempt to present flexural 
strength of the material after welding.  
 Few experimental investigations have been attempted on FSSW of thin aluminum alloy 
sheets (Plaine et al. 2015). The studies report large variation in micro hardness at weld 
spot. Therefore, extensive investigation is needed to find out reasons for such variation.  
 Few attempts have been made to investigate the weld created through FSSW of 
dissimilar materials (Dong et al. 2016; Fereiduni et al. 2015; Zhang et al. 2014). Welded 
joints of aluminum alloy with copper are used in making the integrated parts of electrical 
equipment. More research is needed to create good weld while joining dissimilar 
metals. 
 FSSW is a promising technique to create joint between metals and polymers. Very few 
attempts have been made in this field due to difficulty in welding of these materials. 
Research is needed to emphasize on this field to design a method to weld these 
materials and also investigate effect of various process parameters on weld strength. 
In the present study, extensive experimentation has been carried out to investigate the effect 
of process parameters on weld quality in FSW and FSSW. Face centered central composite 
design of response surface methodology has been used to design the experimental layout in 
order to obtain maximum process related information with reasonable number of experiments. 
All the parameters in each of the experimental set are examined at three levels. A third level 
for a continuous factor facilitates investigation of a quadratic relationship between the response 
and each of the factors. So three level factor is used in place of two factor. This has been done 
in order to conveniently set the parameters on the machine. During experimentation of FSW 
of six mm thick plate, effect of tool rotation speed, welding speed, tool pin profile and offset of 
the tool on the weld has been investigated. Tensile and flexural strength, surface roughness 
and micro hardness of the cross-section of weld in addition to fractured surface are studied to 
assess the weld quality.  
FSSW has been carried out on similar metals, dissimilar metals and metal-polymer materials. 
In all the FSSW experiments, parameters such as tool rotation speed, dwell time and tool pin 
diameter/length have been examined. Tensile strength is used to assess the strength of the 
weld. Cross-section surface of the weld has been studied to know the flow of material during 
spot welding.  
1.7 Research objective 
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The objectives of this dissertation rest on of research gap that was identified through extensive 
literature survey presented in chapter 2. Literature review suggests that flexural property of the 
joint produced by FSW needs to be examined. In addition influence of process parameters on 
flexural strength should be assessed. In FSSW, effect of parameters on the weld needs to be 
studied and significant parameters are to be identified. 
To this end, the objectives for this research work are as follows: 
 To study effect of FSW parameters on weld quality of similar metals. 
 To study effect of FSSW parameters on weld quality of similar metals. 
 To study effect of FSSW parameters on weld quality of dissimilar metals. 
 To study effect of FSSW parameters on weld quality of metal-polymer joint. 
1.8 Structure of the thesis 
The dissertation is organized as follows: 
Chapter 1: Introduction 
The chapter introduces the concept of friction stir welding and friction stir spot welding with 
emphasis on application of these processes in diverse fields. The property of the materials 
used as work piece and tool has been described with the reason for choosing them. This 
chapter also provides the summary of the problem for the present study. 
Chapter 2: Literature review 
The chapter relates to the review of the works published in the field of study in the last twenty-
five years. This helps in making a background of the work and emphasis on the relevance of 
the present study. Only those articles have been reviewed for which full text are available. The 
literature review has been classified into three parts: FSW process and innovations, effect of 
parameters on the weld and material flow model. 
Chapter 3: Friction stir welding of similar metals 
The chapter investigates the effect tool rotation speed, welding speed, tool pin profile and 
offset of the tool from weld line on the weld quality. Different mechanical and metallographic 
tests have been conducted on the joint to get insight into mechanism of weld produced. The 
study aims at finding out significance of different parameters and their relationship with weld 
generated. 
Chapter 4: Friction stir spot welding of similar metals 
The chapter aims to investigate the effect of tool rotation speed, dwell time and tool pin 
diameter on the weld generated. Through different nondestructive tests, attempt has been 
made to explain the mechanism weld produced. A finite element model has been proposed 
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using Deform-3D to study temperature distribution and total energy consumption. The effect 
of each parameter on the tensile strength of the weld has been investigated.  
Chapter 5: Friction stir spot welding of dissimilar metals 
The chapter investigates spot welding on aluminum 6061 alloy with copper. The effect of 
parameters has been studied and significant parameters have been identified. The 
dependency of weld quality on the parameters is analyzed.  
Chapter 6: Friction stir spot welding of metals and polymer 
The friction stir spot weld generated between copper and PMMA has been studied in this 
chapter. The procedure to weld metal with PMMA has been described. The effect of tool pin 
length, tool rotation speed and dwell time has been studied. Microscopic view of the cross-
section of the weld has been investigated to get insight into welding of metal with polymer. 
Chapter 7: Conclusion 
This chapter presents the brief summary of findings, major contribution to research work and 
future scope of the research. 
The dissertation enclosed with the references and list of publications. 
1.9 Conclusion 
The present chapter highlights the necessity of FSW and FSSW in the field of welding. This 
chapter shows the limitation of conventional welding process. It suggests use of FSW and 
FSSW to overcome the limitations of conventional welding methods. Different work piece 
material and tool materials have been described with their major properties. This chapter also 
focuses literature gap in the field of study and sets the objectives for the present investigation. 
Finally, layout of the thesis has been discussed. 
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Chapter 2 
LITERATURE REVIEW 
2.1 Introduction 
Although non-ferrous materials like aluminum and copper has wide spread application in t 
industries, these are difficult to weld due to their high thermal conductivity, low strength and 
other non-favorable properties. Therefore, welding of these materials is avoided using 
conventional welding route. These materials are joined through other joining processes like 
riveting or brazing. But these processes are mostly less convenient or have less strength than 
the welding. In many applications, joints of dissimilar materials are preferred. Due to high 
variation in material properties, conventional welding processes are not suited to produce weld 
of dissimilar materials. However, friction stir welding (FSW) is a convenient way of welding 
similar as well as dissimilar materials. In this process, the material is heated due to friction to 
a high temperature. Due to higher temperature, the fluidity of material increases and the 
materials are mixed together mechanically at that state to form the weld. Materials with high 
variation in their properties can be welded through this process. This is to be noted that FSW 
is environmental friendly as it consumes less energy than other conventional welding 
technique and does not produce any harmful gas (Shrivastava et al. 2015). No filler material 
or flux is needed during FSW. This technique can be used to join similar and dissimilar material 
with equal ease (Murr et al.1998; Li et al. 2000; Li et al. 1999). The benefits of FSW over friction 
welding is that lap joints, butt joints, T-butt joints and fillet joints can be made in FSW which 
are difficult to make by friction welding (Cary et al. (2002), Dawes et al. 1996). Fratini et al. 
(2009) have made a T-joint weld by designing a special fixture to successfully accomplish the 
welding.  
Thomas et al. (1997) and Clarke et al. (2001) have stated the benefits of FSW over other 
welding processes in the field of aerospace, railways, ship building and automotive. Infante et 
al. (2016) and Ericsson et al. (2003) have compared the strength of FSW welds and Metal inert 
arc welding (MIG)/ tungsten inert arc welding (TIG) welds. MIG and TIG welds show lower 
static and dynamic strength than FSW welds. Shrivastava et al. (2015) have found that welding 
energy consumption in FSW is less as compared to arc welding process. The current chapter 
highlights different works and progress that has been accomplished in th0e field of friction stir 
welding and friction stir spot welding process. 
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2.2 Classification of literature 
A literature review is essential to know the development in the field of FSW and FSSW. It also 
enlightens us with the different pertinent gap that needs more research work. An extensive 
literature review has been carried out on current researches going on in this field of study. The 
literature on FSW can be broadly divided into three areas: FSW process and innovation, 
parametric appraisal of the process and material flow analysis (Figure 2.1). 
 
Figure 2.1 Taxonomic framework for friction stir welding 
 
2.2.1 FSW process and innovations 
Friction stir welding (FSW) was invented by Wayne Thomas at “The Welding Institute” (TWI) 
in early 1990’s (Thomas et al. 1991). Initially, it was used to join soft materials like aluminum 
and its alloys which are difficult to weld through conventional welding processes (Dawes et al. 
1995). Extensive research in the field leads to weld wide a variety of materials using FSW 
(Plaine et al. 2015; Dorbane et al. 2016; Chen et al. 2015). In this process, a non-consumable 
rotating tool is inserted into the work piece and moved along weld line to create the joint. The 
material is moved and mixed around the tool pin. During this process, high stress is generated 
in the work piece. Therefore, designs of fixtures have been suggested to work at high stress 
environment (Fratini et al. 2010). Gibson et al. (2014) have studied the recent trends in the 
process, control and application of FSW. Research related to FSW on aluminum and its alloy 
sheets mainly focuses on studying three-dimensional heat transfer in the body (Mishra et al. 
2005; Song et al. 2003), the material flow pattern in the stir zone (Schmidt et al. 2006; Schmidt 
et al. 2004) and effect of parameters on the welding (Rajamanickam et al. 2009).  
In FSW process, high temperature and stress are generated in the work piece. Due to this, 
there are micro and macro-structural changes in the work piece. The areas in which the 
changes take place are known as the weld zone. Frigaard et al. (2001) have observed that 
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weld zone can be divided into several zones with each zone having distinguished properties 
depending on the amount of heat or stress generated within the zone. A typical cross-section 
of weld zone produced during FSW is divided into heat affected zone (HAZ), thermo-
mechanically affected zone (TMAZ) and nugget zone (NZ) (Mahoney et al. 1998; Rhodes et 
al. 1997; Liu et al. 1997). Xu et al. (2013) have shown the microstructural differences are 
present in different zones of weld. 
Heat affect zone is an area of the work piece that has been affected by high temperature 
generated during FSW. Due to the high temperature, there is a change in micro structure of 
the material that leads to change in the properties of the work piece materials. Chen et al. 
(2003) have observed that the heat affected zone can be treated as a weak zone due to the 
heating of the material and change in the grain structure. Zhang et al. (2013) have proposed 
an underwater FSW to reduce heat affected zone. 
The central region is the nugget zone; this region experiences maximum deformation during 
FSW welding. This is the region formed due to the mixing of the material by the tool pin. The 
region is observed to have “onion ring” shape and the deposition in this region is charac terized 
by the tool pin geometry. Carlone et al. (2015) have reported that grain refinement is achieved 
in the nugget zone of FSW.  
The region between the nugget zone and heat affected zone is the thermo-mechanically 
affected zone (TMAZ). This region is produced by the high temperature and high mechanical 
stress generated during FSW process. Nandan et al. (2008) have concluded that this area has 
the same microstructure as the base material but in deformed state.  
The weld zone created during the FSW process lead to change in mechanical and thermal 
properties of that area. Peel et al. (2003) have observed that there is change in hardness of 
the material due to change in micro structure during welding. Lin et al. (2014) have concluded 
that notch tensile strength and notch strength ratio of joint produced by friction stir welding are 
higher than the joints made by TIG welding process. Silva et al. (2013) have investigated the 
use of FSW to improve fatigue strength of the weld joints. It has been observed that fatigue 
strength of the welded samples made by any welding process but post-treated with FSW can 
be enhanced. Mishra et al. (2005) have discussed material flow and microstructure of work 
piece material in the FSW to explain mechanism involved in FSW. Nandan et al. (2008) have 
reviewed various developments and innovations taken place in the field of friction stir welding 
to explain the process from metallurgical aspects. Oliveria et al. (2010) have shown that FSSW 
is comparable to any welding technique available to weld PMMA and further investigation is 
required to produce a better joint. Bilici et al. (2011) have created weld between high density 
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polyethylene sheets and found that dwell time is the most dominating parameter followed by 
the tool rotation speed.  
2.2.2 Parametric appraisal of the process 
Friction stir welding is a solid-state welding process. This process is conducted on a machine 
on which no external heat is supplied to the work piece and there is no melting of the material. 
The heat required to soften the material is produced by the friction between work piece and 
the tool. The tool mixes the material of different work pieces to create weld. One can change 
the value of the parameters to obtain different amount of mixing and heat generation leading 
to different weld quality (Nandan et al. 2008; Ma et al. 2008).  
2.2.2.1 Tool geometry 
FSW tool is a non-consumable body which produces the weld by mixing the work piece 
material. In this process, tool geometry is a major influential factor of weld development. Tool 
geometry plays a vital role in material flow around the tool. A FSW tool consists of pin, shoulder 
and body (Figure 2.2). 
 
Figure 2.2 Straight pin profile FSW tool 
 
From the design point of view, the design of pin and shoulder are critical because heating and 
mixing takes place from pin and shoulder area. The movement of the material depends on the 
tool pin geometry and can usually be quite complex due to thermo-mechanical processes 
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taking place inside the weld (London et al. 2001). Li et al. (2016) have shown that weld profile 
and bonding width of the weld zone differs with the tool profile. Su et al. (2003) have observed 
that the interaction between the tool and work piece affects the thermal properties, plastic 
deformation and recrystallization of the material. Scalpi et al.(2007) and  Thomas et al. (1997) 
have studied the effect of pin profiles designed in the shape of frustum. They have observed 
that the designed tools are capable of reducing welding force and easy flow of plasticized 
materials. Jesus et al. (2014) and Boz et al. (2014) have studied the effect of tool geometrics 
on the weld morphology. Trueba et al. (2015) have observed that the shoulder size should be 
optimal to get best strength. Between simple cylinder pin tool and threaded pin tool, threaded 
pin tool produces good strength in weld (Zhang et al. 2014).  
Zhao et al. (2006) have studied different effect of tool pin on weld produced. Simple cylindrical 
tool hardly produce effective mixing of the material leading to work holes produced at the 
bottom of the weld. Taper threaded tool produces a sound defect-free weld. Schmidt et al. 
(2006) and Guerra et al. (2002) have studied effect of various tool pin profile and concluded 
that threaded tool produces more heat and improve flow of softer material by exerting a 
downward force. Worm hole are produced more when temperature of body is less due to 
sluggish movement of the material at low temperature. Buffa et al. (2006) have studied the 
effect of pin angle (angle between the pin axis and conical surface) and observed that increase 
in the angle leads to more uniform temperature distribution along the vertical direction which 
causes to reduce the distortion of work piece.  
The rotation and translation motion of the tool pin produces asymmetry in the material flow and 
heating across the tool pin. For this problem, TWI has proposed a new kind of tool known as 
re-stir. A periodic reversal of tool motion is given in re-stir tool to eliminate most of the defect 
originating due to the asymmetry of material flow. Dong et al. (2016) have demonstrated that 
refilling type tool may lead to reduction in weld defects when dissimilar materials are welded 
by friction stir welding. In order to reduce various weld defects, new type of tools have been 
suggested, particularly related to key hole defect (Zhang et al. 2014; Li et al. (2012). Tozaki et 
al. (2010) have developed a new kind of tool by replacing the probe with scroll groves which 
plays a major role in mixing of material. Zhang et al. (2014) have used a retractable pin tool to 
produce weld between two dissimilar materials.  Hsieh et al. (2015) have compared assembly 
embedded tool with cylindrical tool and observed that assembly embedded tool produces 
higher temperature in the work piece. 
 
2.2.2.2 Welding parameters 
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Tool rotation speed, welding speed, offset of the tool from weld line, tool tilt angle and the 
vertical pressure are some of the major parameters which can affect the joint produced. 
Nandan et al. (2008) have reviewed literature and concluded that the peak temperature 
generated during welding increases with the increase in tool rotation speed but decreases with 
increase in welding speed. Zhang et al. (2014) have observed that tool rotation speed has 
significant influence on tensile strength of welded joints. Dwivedi et al. (2015) have observed 
that higher tool rotation speed, lower axial force and higher welding speed produces better 
weld strength with fewer defects. Sakthivel et al. (2009) have concluded that better mechanical 
properties can be achieved at lower welding speed due to higher heat input to the weld zone.  
Xue et al. (2011) have examined dissimilar (Al-Cu) metal joint using FSW process and reported 
that a larger pin offset towards Cu in the advancing side leads to a sound defect free joints. 
Costa et al. (2015) have concluded that strength of the advancing side monotonically increases 
with increase in effective plate thickness. Khodaverdizadeh et al. (2012) have extensively 
studied to optimize the shoulder size to improve best strength for various work piece and tool 
combinations.  
Friction stir spot welding is a part of friction stir welding in which the weld is produced on a spot 
and no welding motion is provided. The tool pin is plunged into the work piece to generate 
weld. When rotating tool is kept in contact with the work piece, there is movement of material 
around the tool. This movement mixes the material and a joint is produced. The duration for 
which the tool is kept rotating with work piece is known as dwell time. Sung-ook et al. (2012) 
have observed that increase in plunge depth leads to increase in tensile shear load. However, 
plunge depth and plunge speed have no remarkable effect on hardness. Sanusi et al. (2015) 
have observed that tool rotation speed is most influential parameter that affects mechanical 
strength of weld. Plaine et al. (2015) have conducted experiments based on full factorial design 
to show that tool rotation speed followed by tool rotation speed × dwell time interaction have 
significant effect on tensile strength of welded samples. Shirvan et al. (2016) have studied 
FSSW joints of Ti-based bulk metallic glass. It is shown that the tensile/shear strength and 
toughness increases with the increase in tool rotation speed and dwell time. Fereiduni et al. 
(2015) have observed that low tool rotation speed causes joints with better tensile strength for 
same dwell time while welding dissimilar materials. Rodriguez et al. (2015) have observed that 
mechanical strength can be enhanced with increase in tool rotation speed while welding 
dissimilar materials. Fei et al. (2016) have shown that joints with higher tensile strength is 
observed in those welds in which intermetallic compound found in the weld zone to be thin 
while welding steel with aluminum alloy. Pashazadeh et al. (2013) have observed that the grain 
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size of material in weld zone is reduced with increase in welding speed. Rodrigues et al. (2009) 
have concluded that change in welding parameters leads to variation in micro structure and 
material flow path while welding thin sheets and. Aval (2015) has concluded that better weld 
quality can be obtained by better mixing of the material through increasing heat input per unit 
length. Heat input can be increased by either increasing the rotational speed of the tool or 
welding speed. This leads to atomic diffusion to take place at interface of material. Galvao et 
al. (2011) have concluded that the weld zones can be created with higher dimension and 
homogeneity if higher heat input is provided during welding. Reilly et al. (2015) have observed 
that deformation zone increases progressively with dwell time due to increase in heating and 
softening of material.  Zapata et al. (2016) have used X-ray diffraction to calculate residual 
stress and found that higher tool rotation speed leads to less residual stress. Rotational speed 
was shown to have more effect than the welding speed on residual stress distribution. Uematsu 
et al. (2012) have welded magnesium (Mg) plates and aluminum (Al) plates separately. They 
have observed that material flow is less in case of Mg-Mg weld. Weld strength is found to be 
more in case of Al-Al weld because of higher proof stress and elastic modulus of Al.  
2.2.3 Material flow analysis 
In the past, analyses have been made to get insight into the phenomenon occurring at the weld 
zone during welding. The analyses leads to prediction on the flow of the material, strain rate, 
stress generated, temperature at different areas of weld zone etc. (Cho et al. 2005). Reilly et 
al. (2015) have developed a kinematic flow model to predict layer formation of dissimilar alloy 
and heat generation in friction stir welding. Numerical modeling methods provide 
understanding of the heat generation, mechanical stress generation, material flow etc. in a 
quantitative manner. Buffa et al. (2006) have proposed a continuum based finite element model 
for FSW. They have shown that strain distribution and material flow exhibit non-symmetrical 
pattern but the temperature distribution exhibit symmetric pattern along weld line. Ji et al. 
(2012) have used ANSYS Fluent to make a finite volume model of FSW. Ericsson et al. (2003) 
have also prepared a model for the softening of material around the FSW weld zone. Different 
authors have attempted to calculate the strain rate of the material during the process by 
numerical models. Jata and Semiatin (2000) and Masaki et al. (2008) have estimated the strain 
rate during welding. Gerlich et al. (2007) have observed that strain rate decreases as the tool 
rotation speed increases. Fratini et al. (2009) have investigated numerical instabilities resulting 
from the discontinuities present at the edge of two sheets. Mohanty et al. (2012) have 
developed a mathematical model which can be successfully applied to predict the behavior of 
FSW with different tool geometries.  
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Many attempts have been made by different authors to study the flow pattern of the material 
in work piece by studying the weld produced. In FSW, the side of the work piece is known as 
advancing side if the direction of rotation of the tool and welding direction.  The other side of 
the work piece is called as retreating side (Figure 1.1). Beygi et al. (2012) have observed that 
materials flow upwards in advancing side and downwards in retreating side when FSW is 
performed on Al-Cu bilayer sheet produced by cold rolling process. It is also shown that the 
materials flows more from the advancing side to the retreating side (Nandan et al. 2007; 
Nandan et al. 2013; Xue et al. 2011; Siedel et al. 2003; Siedel et al. 2001; Donatus et al. 2015). 
The finest grain material is found in the region closest to the tool edge in the retreating side 
(RS).  
2.3 Critical review 
From the literature review, it has been observed that many researchers have contributed in the 
field of FSW. It can be observed that FSW process is more eco-friendly than other conventional 
welding processes. FSW is a solid state welding process that leads to produce welds avoiding 
defects caused due to melting of material during welding. This process was invented in early 
1990s and was used for welding soft materials. But many innovations have been made over 
the years to enhance its capability to produce welding for high strength materials. The 
researches have been directed to focus on the weld zone to study the changes that take place 
during FSW.  
It has been noted by many authors that the quality of the weld is severely affected by the 
parameters with which welding is made. Attempts have been made to study the effect of tool 
geometry and welding parameters on the quality of weld. Tool rotation speed, welding speed, 
tool pin profile, tool tilt angle and offset of the tool are found to be the most influencing 
parameters in FSW process. Tensile strength of the weld has been widely studied to know the 
strength of the joint crated with different settings of parameters.  
During the FSW process, the properties of the materials are changed due to generation of high 
temperature and stress. To assess the change in the properties of the weld, the researchers 
have directed their attention to study flow pattern of the material during FSW. Due to thermo-
mechanical process involved in FSW, the flow of material follows a quite complex pattern in 
the weld zone. Numerous analytical, numerical and experimental models have been proposed 
to study the process parameters, tool geometries and material flow in FSW. 
2.4 Conclusions 
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From this chapter, various influential parameters and their range that lead to good quality weld 
have been identified. Since very high stress is induced in the work piece during FSW, a rigid 
fixture is required during the welding in order to minimize welding defects. It is observed that 
most of the studies on FSW relates to application of FSW on high strength aluminum alloy. 
However, studies on welding of low strength aluminum alloy by FSW are not adequately 
addressed in spite of its wide spread applications. Further, most of the research works use 
tensile strength of the weld to assess the weld quality. Even flexural strength of the weld can 
be studied elaborately in addition to tensile strength. It is found in the literature that limited 
works have been done in the field of metal and polymer joining by FSW. The proposal of the 
research work has been identified from the literature gap. Effect of process parameters on 
weld quality represented by both tensile and flexural strength needs to be studied for welding 
of thick sheets. In addition, study is required on parametric appraisal during welding of thin 
sheet of aluminum alloy. Since aluminum and copper possess low weldability, FSW may be 
used on these materials to study weld quality for production of similar as well as dissimilar 
material joints between them. It is prudent to investigate on influence of various process 
parameters on quality of weld achieved when metal is joined with polymer.  
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Chapter 3 
 FRICTION STIR WELDING OF SIMILAR 
METALS 
 
3.1 Introduction 
Friction stir welding (FSW) is a solid state welding process which finds a wide spread 
application in many fields for welding similar and dissimilar materials. It has advantage that 
many nonferrous materials, which cannot be welded by conventional welding processes, can 
be welded through this process. FSW can be operated on any specialized machine or vertical 
axis milling machine with proper fixture. In this process, a high strength rotating tool is inserted 
into the work piece and moved transversely in the welding direction to create the weld. FSW 
creates the weld by mixing the material in plastic state. Due to this, weld can be created even 
if large difference in material properties exists. In this process, a high stress is generated on 
the tool and work piece. Due to this, a robust fixture is required to hold the work piece during 
the welding process. The current challenge in this process is assessment of parametric 
influence on quality of the weld produced. To meet this challenge attempts has been made to 
find significant parameters and their effect on weld. Tensile and flexural strength tests have 
been carried out on welds to get knowledge about the strength of the weld. The effect of 
parameters on both type of strength have been observed and analyzed. Radiography test and 
Vickers hardness test has been done on weld to get insight in to weld. 
3.2 Materials used and Experimental procedure 
3.2.1 Material of work piece and the tool 
In the present study, aluminum 1060 alloy six mm thick sheet has been used as work piece. 
Cold rolled sheets of 6 mm thickness were cut to dimension 100 mm × 90 mm × 6 mm. A cold 
rolled sheet has grain orientation in a single direction. The work piece was cut for welding in 
such a manner that welding direction was perpendicular to the grain orientation. Hence, the 
welded samples used for tensile and flexural strength test were having the grain direction of 
base material along the axis of the samples.  
FSW requires that the work piece should be in contact during welding without any root gap to 
produce defect free weld. The surfaces kept in contact during FSW have been cut using Wire 
electrical discharge machining (WEDM) to get a flat and smooth surface with no root gap. 
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Figure 3.1 shows the WEDM machine used for cutting sheet. After this, the surface was rubbed 
with sand paper followed by cleaning with acetone to remove oxide layer and impurity from 
surface.  
 
Figure 3.1 WEDM machine for cutting 
 
Scanning electron microscopy (SEM)-Energy Dispersive Spectroscopy (EDS) (model: JEOL 
JSM-6048LV) has been used to identify the constituents of the material of work piece. Figure 
3.2 shows the SEM-EDS machine used for the experimentation. Table 3.1 shows the elements 
present in the work piece and their percentage. Figure 3.3 shows the elements present 
graphically. From the Table 3.1, it is observed that 99.45 percent of the element is aluminum. 
The peak of aluminum can be observed in Figure 3.3. The alloying elements found in the work 
piece are titanium, vanadium, chromium, manganese, iron and zinc. It can be observed from 
Figure 3.3 that the amount of these materials is less in comparison to aluminum. 
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Figure 3.2 Scanning electron microscopy-Energy Dispersive Spectroscopy Instrument (Model 
JEOL JSM-6048LV) 
 
Table 3.1 Material composition of work piece 
Element Aluminum Titanium Vanadium Chromium Manganese  Iron  Zinc 
% 99.45 0.06 0.08 0.18 0.04 0.17 0.02 
 
 
Figure 3.3 SEM-EDS detected element 
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In FSW process, FSW tool mixes work piece material plastically to create weld. During this 
process, high stress is induced in the tool. The tool has been prepared with H-13 tool steel to 
get high strength and tool rigidity during welding. After the manufacturing of tool, it was oil 
quenched to increase the hardness of the body. Three tools have been used for 
experimentation: threaded pin tool, straight pin tool and taper pin tool (Figure 3.4). The 
shoulder of each of the tool is 16 mm in diameter. The pin length is kept 5.7 mm for all the 
tools. 0.3 mm clearance is given to avoid any interference with the backing sheet during 
welding. The straight pin tool is having the pin of diameter 6 mm throughout the length. The 
taper tool is made with the head of the pin as 5 mm and bottom as 10 mm. The threaded pin 
tool is made having 6 mm nominal diameter. The shoulder of each tool is given similar spiral 
groove design to increase the friction with the work piece. Pin of each tool is given a slot on 
two sides to enhance the movement of the work piece material around it. The tool was polished 
to reduce any unnecessary inference with the work piece. 
 
Figure 3.4 FSW tools used for the experimentation 
 
3.2.2 Experimental procedure 
The experiments were conducted on a CNC vertical axis milling machine with suitable fixture. 
Figure 3.5 shows CNC milling machine used for the experimentation. The tool was connected 
with the spindle of the machine which provides the rotational motion and the downward motion 
(Z-axis motion). Work piece was attached to the machine table which provides the transverse 
motion (Y-axis motion). The tool was inserted 5.8 mm into the work piece. 0.1 mm interference 
was given between tool and work piece to get good friction of tool with work piece during 
welding. After insertion of the tool, the tool was kept rotating in contact with work piece for ten 
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seconds to make the work piece sufficient hot. By this process, the work piece becomes soft 
and its plasticity increases.  
The parameters which are investigated in the current study are tool rotation speed, welding 
speed, tool pin profile and offset of the tool from weld line. All these parameters have been 
considered at three levels to study their effect on weld produced. The parametric levels at 
which experiments are conducted are shown in Table 3.2. The experiments have been 
designed with face centered central composite design (FCCCD) of response surface 
methodology (RSM) to do the analysis with reasonable number of experiments. Table 3.3 
shows the experimental layout and different parametric combination at which experiment has 
been conducted. Total thirty runs of experiment have been done with various parametric 
setting. There are sixteen factorial points, eight axial points and six center points in the 
experimental layout. This is to be noted that the axial distance is unity In FCCCD. 
 
Figure 3.5 CNC milling machine used for the experiment 
 
Threaded pin tool, straight pin tool and taper pin tool are shown as -1, 0 and +1 respectively 
in the experimental layout. The insertion of the FSW tool center away from weld line is 
represented as the offset of the tool. +1 denotes that the tool was inserted 1 mm towards the 
retreating side (Figure 1.1). 0 shows that the tool was inserted at the weld line and -1 show 
that the tool was inserted 1 mm towards advancing side.  
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Table 3.2 Levels of parameters 
 
Coded value  
Level 1 
-1 
Level 2 
0 
Level 3 
1 
Tool rotation speed (RPM) 700 1000 1300 
Welding speed (mm/s) 16 32 48 
Tool pin profile Threaded pin Straight pin Taper pin 
Offset (mm) -1 0 1 
 
After completion of weld, visual inspection of weld sample has been done to identify any defect 
present on the surface. Surface roughness of the joint was measured. Radiography test has 
been performed on welds to study the material distribution and any defect present inside weld 
produced. Weld samples so obtained were cut perpendicular to the welding direction. From 
each weld specimen, three samples parts were cut for tensile test, flexural test and 
metallographic examination of weld. The tensile test and flexural test are performed according 
to ASTM E8M-04 standards and E290-14 standards respectively. All sharp edges were round 
off to remove any stress concentration. 
The tensile test and flexural test has been performed with the cross head movement speed of 
0.5 mm/s. Design expert software has been used to analyze the significance of different 
parameters. After the completion of the tensile test, the surface morphology of fractured 
sample was studied by SEM. The sample undergoing metallographic examination was 
polished as per standard metallurgical polishing process. Vickers hardness test was conducted 
on the weld area. Hardness has been calculated at 25 points at a difference of 1 mm including 
the weld center and 12 points on each side of weld center.  
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Table 3.3 Experimental layout 
Experimental 
run 
Tool 
rotation 
speed 
(A) 
Welding 
speed 
(B) 
Tool 
pin 
profile 
(C) 
Offset 
(D) 
Ultimate tensile 
strength (UTS) in 
MPa 
Ultimate flexural 
strength (UFS) in  
MPa 
1 -1 -1 -1 -1 73 219 
2 +1 -1 -1 -1 85 208 
3 -1 +1 -1 -1 83 236 
4 +1 +1 -1 -1 96 202 
5 -1 -1 +1 -1 78 216 
6 +1 -1 +1 -1 76 188 
7 -1 +1 +1 -1 68 217 
8 +1 +1 +1 -1 86 178 
9 -1 -1 -1 +1 91 200 
10 +1 -1 -1 +1 99 226 
11 -1 +1 -1 +1 82 205 
12 +1 +1 -1 +1 96 202 
13 -1 -1 +1 +1 84 200 
14 +1 -1 +1 +1 83 210 
15 -1 +1 +1 +1 69 199 
16 +1 +1 +1 +1 80 204 
17 -1 0 0 0 69 226 
18 +1 0 0 0 78 205 
19 0 -1 0 0 70 201 
20 0 +1 0 0 75 206 
21 0 0 -1 0 80 201 
22 0 0 +1 0 71 188 
23 0 0 0 -1 71 163 
24 0 0 0 +1 65 157 
25 0 0 0 0 72 192 
26 0 0 0 0 70 185 
27 0 0 0 0 71 195 
28 0 0 0 0 66 186 
29 0 0 0 0 72 189 
30 0 0 0 0 74 189 
 
3.3 Results and discussion 
3.3.1 Visual inspection 
Figure 3.6 (a and b) shows the surface of welds 8 and 16 respectively (Welding done with the 
parametric setting of experimental run N, as specified in Table 3.3, is represented as weld N). 
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From the inspection, it was observed that the sheets have been successfully welded. No 
surface crack was found on any of the surface of the weld. Surface roughness of the weld area 
was found in range from 1.0 to 3.2 microns. Analysis of variance (ANOVA) indicates no 
significant dependence of the roughness with welding parameters. The roughness was least 
at the start of the weld and gradually increases towards the weld direction. All the blurs were 
formed on the retreating side of the weld whereas advancing side was blur free. The blur was 
mostly generated after a small travel of the tool. At the end of weld-travel, a hole was left as 
observed in Figure 3.6. This is the area from where pin was retreated out. The weld generated 
was of the same thickness as the base sheet. It is observed that defects like porosity and 
unfilled crater were absent. 
(a)
 
(b)
 
Figure 3.6 Weld surface of a) weld 8 b) weld 16 
 
3.3.2 Radiography test 
Radiography test is a non-destructive test used to get insight into the welded joint without 
destroying the part. This is widely used to detect any internal cracks and study the distribution 
of the material in the object. Figures 3.7a and b show the radiography test of weld 8 and 16 
respectively. From the test, it is observed that the material concentration is least in the path in 
which the tool pin passes along the weld line (nugget zone). This area is shown as 1 in the 
Figure 3.7 (a and b). In radiography test, the area which has dark shade is the area which has 
least material concentration. The area beside the dark area is area 2 (Thermo-mechanically 
affected zone). This area is the brightest of the other areas. This shows that it has more 
material concentration than other areas of the sheet. The material which has been pushed 
from the area 1 is accumulated in area 2; therefore material concentration increases in area 2. 
Area 2 is known as the thermos-mechanically affected zone. This area is affected due to the 
high heat generation and also from high mechanical stress generated during mixing of material 
by the tool shoulder. 
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(a) 
 
(b) 
 
Figure 3.7 Radiography of a) weld 8 b) weld 16 
3.3.3 Tensile test 
Table 3.3 shows the UTS of the welds at different experimental runs. Highest UTS obtained is 
99 MPa for the weld 10 with the strain percentage at peak 4.776. The lowest UTS is 65 MPa 
for the weld 24 with strain percentage at peak 0.8862. Figure 3.8 shows UTS of welds with 
respect to experimental run. A high variation in the UTS is observed from the graph. This shows 
that the weld strength is largely dependent on the welding parameters. A further investigation 
of the effect of the parameters has been done through analysis of variance (ANOVA).  
 
Figure 3.8 Variation of UTS with experimental run 
 
Table 3.4 shows the ANOVA table to study parametric effect on UTS. The coefficient of 
determination (R2) for the analysis is found to be 93.62%. A regression equation has been 
generated in coded form as given in Eq. 3.1. The diagnostic check has been done to check 
the adequacy of the developed model. The normality curve for the diagnostic check has been 
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shown in figure 3.9. The results show that the points are normally distributed in the curve. 
These result validates the proposed model. 
 
Figure 3.9 Normal plot of the UTS for the developed model 
 
UTS = 69.9919 + 4.4449 × A - 0.2129 × B - 0.8870 × C + 1.8847 × D + 2.4573 × A × B - 1.3687 
× A × C - 0.6166 × A × D - 1.7135 × B × C - 3.2302 × B × D - 1.4833 × C × D + 4.2564 × A2 + 
3.2855 × B2 + 0.3772 × C2 - 0.8603 × D2                                (3.1) 
From the analysis, it can be observed that maximum tensile strength of 99 MPa is generated 
with parametric setting of 1300 RPM of tool rotation speed, 48 mm/s of welding speed, 
threaded pin tool and 0.28 mm of offset towards the advancing side. It can be observed that 
different parameters are having different level of significance on UTS. Tool rotation speed and 
tool pin profile are the most significant parameters followed by the offset of the tool from weld 
line. Welding speed has no significant effect on the UTS in the range from 16 mm/s - 48 mm/s. 
The interaction between the welding speed and offset of the tool from weld line is the most 
significant interaction. Second significant interaction is found between the tool rotation speed 
and welding speed. Hence, it can be concluded that welding speed itself is not a significant 
parameter but has a high interaction with other parameters. 
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Table 3.4 ANOVA for UTS 
Source 
Sum of 
Squares df 
Mean 
Square F-Value 
p-value 
Prob > F  
Model 2259.49 14.00 161.39 13.48 < 0.0001 significant 
A-Tool Rotation 
Speed 
355.63 1.00 355.63 29.71 
< 0.0001 
 
B-Welding Speed 0.82 1.00 0.82 0.07 0.7975  
C-Tool Pin Profile 429.89 1.00 429.89 35.91 < 0.0001  
D-Offset of the 
Tool from weld line 
63.94 1.00 63.94 5.34 
0.0355 
 
A×B 96.61 1.00 96.61 8.07 0.0124  
A×C 29.98 1.00 29.98 2.50 0.1344  
A×D 6.08 1.00 6.08 0.51 0.4868  
B×C 46.98 1.00 46.98 3.92 0.0662  
B×D 166.95 1.00 166.95 13.95 0.0020  
C×D 35.20 1.00 35.20 2.94 0.1070  
A2 46.94 1.00 46.94 3.92 0.0663  
B2 27.97 1.00 27.97 2.34 0.1472  
C2 105.37 1.00 105.37 8.80 0.0096  
D2 1.92 1.00 1.92 0.16 0.6946  
Residual 179.57 15.00 11.97    
Lack of Fit 144.43 10.00 14.44 2.05 0.2208 not significant 
Pure Error 35.15 5.00 7.03  < 0.0001  
Cor Total 2439.06 29.00   < 0.0001  
 
Figure 3.10 shows a surface plot of the effects of tool rotation speed and welding speed on the 
UTS of the joint. It shows that an increase in tool rotation speed the UTS increases keeping 
other parameter constant. As the tool rotation speed increases, the relative motion between 
the tool and work pieces enhances breakage of bonds and causes more friction between the 
bodies  leading to more heat generation in the work piece (Nandan et al. 2008). This softens 
the material of the work piece near the tool. At higher tool rotation speed, better mixing of the 
material takes place. Hence, higher tool rotation speed produces weld with more UTS. It is 
observed that increase of UTS with tool rotation speed is more pronounced at higher welding 
speed. 
At lower tool rotation speed, increase in welding speed leads to decrease in UTS but at higher 
tool rotation speed it leads to increase in welding strength. This is because the tool advances 
in the work piece before proper mixing of the material at low tool rotation speed and high 
welding speed. Since the mixing of the material does not occur properly, the strength of the 
joint is low. At high tool rotation speed, the mixing of the material can take place even in small 
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duration of time. Therefore, mixing of the material and good welding strength can be achieved 
even if the welding speed is high.  
 
 
Figure 3.10 Surface plot of tool rotation speed and welding speed  
 
Figure 3.11 shows the surface plot for the effect of welding speed and offset of the tool on 
UTS. At low welding speed with offset of 1 mm towards the retreating side, the UTS obtained 
is higher than the UTS obtained with offset towards the advancing side. When offset is towards 
the retreating side, more material is pushed from the retreating side. This material mixes with 
the material of advancing side to create the joint. When offset is towards the advancing side, 
more material is pushed from the advancing side. This material is deposited layer by layer at 
the back of the tool as tool advances. At low welding speed with offset in retreating side, good 
mixing of material takes place and produces joint having more strength than the joint produced 
due to deposition when the offset is in the advancing side.  
At high welding speed with offset of 1 mm towards the advancing side, the UTS obtained is 
higher than the UTS obtained with offset towards the retreating side. At high welding speed 
with tool towards the advancing side, fine deposition of material takes place. Therefore, the 
joint produced with fine deposition is having more strength than the joint produced with mixing 
when the offset is in the retreating side. 
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Figure 3.11 Surface plot of welding speed and offset of the tool 
 
Figure 3.12 shows surface plot for the effect of tool rotation speed and tool pin profile on UTS. 
The threaded pin tool (coded as -1) produces the weld with highest strength whereas straight 
pin tool (coded as 0) produces joint with lowest strength. Due to the thread on the surface of 
threaded pin tool, work piece material flow is better around the tool. This enhances the UTS of 
the weld produced by the threaded pin profile. The taper pin tool produces weld with moderate 
UTS. While conducting experiment, least vibration in the machine was experienced while 
welding with taper tool. The insertion of the tool in to work piece and movement of the tool in 
work piece was smoother than with other pin tools. It is better to use taper pin tool for welding 
purpose if the machine’s rigidity is low. However, manufacturing of straight pin tool is easy and 
should only be used to produce weld were few welds are to be made or high weld tensile 
strength is not desired. 
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Figure 3.12 Surface plot of tool rotation speed and tool pin profile 
 
3.3.4 Surface morphology of fractured sample 
The fractured surface of the welds 16 and 17 are shown in the Figure 3.13 and Figure 3.14 
respectively. The images show that three distinguished areas are formed on the fractured 
surface during the tensile test: area 1, area 2 and area 3. Area 1 is the upper part of weld, area 
2 is middle part and area 3 is the bottom part. During experimentation, it was observed that 
the crack was initially produced in the bottom part of the weld and propagated towards the 
upper area resulting in fracture of the specimen. 
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Figure 3.13 SEM image of fracture surface of 
weld 16 
 
Figure 3.14 SEM image of fracture surface 
of weld 17 
Figure 3.15 shows the magnified image of area 1 in weld 16. It is observed that very fine dimple 
formations are present in this area. Fine dimple formation shows that this area is ductile in 
nature (Tan et al. 2013). The shoulder of the tool comes in contact with these regions of the 
work piece. Heat is generated in this area and conducts towards the downward side. Therefore, 
material gets the highest temperature and hence highest fluidity in this region. Mixing of 
material in this region happens to be good because mixing occurs due to both pin and shoulder 
of the tool. Due to the better mixing of the material, high ductility is observed in this region. 
 
Figure 3.15 Magnified view of area 1 in weld 16 
 
Figure 3.16 shows magnified image of area 2 in weld 16. It is observed that dimples present 
in this region are bigger in size than the dimples in the area 1. The ductility of this area has 
been observed to be less as compared to upper area but more than the area 3. High 
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magnification image of area 3 is shown in Figure 3.17. A layer-by-layer surface is formed on 
fracture surface and no dimple formation was found in this area. A layer-by-layer formation 
shows that this region is brittle in nature (Tan et al. 2013). In the lower area, the material is 
deposited when tool pin advances in the welding direction. So, in area 3, less mixing of material 
takes place in comparison to above area. Due to the less mixing of material, the ductility of the 
region is also low. 
 
Figure 3.16 Magnified view of area 2 in weld 
16 
 
Figure 3.17 Magnified view of area 3 in weld 
16 
3.3.5 Flexural test 
The flexural test has been conducted on all weld samples. Figures 3.18 (a) and 3.19(a) show 
the surface of the welds 8 and 28 respectively after the flexural test. It is observed that no crack 
was present on the surface. Figures 3.18 (b) and Figure 3.19 (b) show the side view of welds 
8 and 28 respectively. From this, we can also observe that no cracks was formed after flexural 
test. From Figure 3.18(b), it is observed that a tunnel defect is present in the weld. Such type 
of defect is common in FSW process (Khan et al. 2015). The ultimate flexural strength achieved 
for welds obtained with different experimental runs are shown in Table 3.3.  
(a)      (b) 
   
Figure 3.18 Views of weld 8 after flexural test a) the surface b) the side 
(a)      (b) 
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  b  
Figure 3.19 Views of weld 28 after flexural test a) the surface b) the side 
 
Figure 3.20 shows the UFS of different welds with different experimental run. The minimum 
UFS obtained is 158 MPa for weld 24 and maximum 236 MPa for weld 3. This shows that there 
is variation in UFS with a change in parameters. Further investigation on the effect of the 
parameters has been done with ANOVA analysis.  
 
Figure 3.20 Variation in UFS with experimental run 
 
Table 3.5 shows the ANOVA analysis for UFS. The coefficient of determination (R2) for this 
analysis is found to be 96.16%. The adequacy of the developed model has been checked 
through diagnostic check. The normality curve for the diagnostic check has been shown in 
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figure 3.21. The results show that the points are normally distributed in the curve. Hence we 
can tell from the diagnostic check that the model is valid. 
 
Figure 3.21 Normal plot of the UFS for the developed model 
It can be concluded from the ANOVA analysis that tool rotation speed and tool pin profile are 
the significant parameters. The interaction between the tool rotation speed and offset of the 
tool is found to be the most significant interaction. Interactions of tool rotation speed and 
welding speed and tool pin profile and offset of the tool are also found to be significant 
interactions. 
A regression equation has been generated in coded form as given in Eq. 3.2.  
UFS = 188.9954 - 5.2761 × A - 0.985 × B - 5.4517 × C -1.2111 × D - 4.2731 × A × B - 1.8731 
× A × C 9.4043 × A × D - 0.3893 × B × C - 1.8668 × B × D + 2.9331 × C × D + 26.5559 × A2 + 
14.7059 × B2 + 5.4059 × C2 - 28.8090 × D2                          (3.2) 
From the analysis, it can be observed that maximum flexural strength of 240 MPa can be 
obtained with parametric setting of 700 RPM tool rotation speed, 47 mm/s welding speed, 
threaded pin tool and 0.24 mm offset towards the retreating side. 
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Table 3.5 ANOVA for UFS  
Source 
Sum of 
Squares df 
Mean 
Square 
F 
Value 
p-value 
Prob > F   
Model 8258.94 14 589.92 26.8 < 0.0001 significant 
A-Tool Rotation 
Speed 501.07 1 501.07 22.77 0.0002   
B-Welding Speed 17.46 1 17.46 0.79 0.3871   
C-Tool Pin Profile 534.97 1 534.97 24.31 0.0002   
D-Offset of the Tool 26.4 1 26.4 1.2 0.2907   
A×B 292.15 1 292.15 13.27 0.0024   
A×C 56.14 1 56.14 2.55 0.1311   
A×D 1415.08 1 1415.08 64.29 < 0.0001   
B×C 2.43 1 2.43 0.11 0.7445   
B×D 55.76 1 55.76 2.53 0.1323   
C×D 137.65 1 137.65 6.25 0.0245   
A2 1827.16 1 1827.16 83.02 < 0.0001   
B2 560.32 1 560.32 25.46 0.0001   
C2 75.72 1 75.72 3.44 0.0834   
D2 2150.35 1 2150.35 97.7 < 0.0001   
Residual 330.14 15 22.01       
Lack of Fit 261.74 10 26.17 1.91 0.2456 not significant 
Pure Error 68.4 5 13.68       
Cor Total 8589.08 29         
 
Figure 3.22 shows the surface plot for effect of tool rotation speed and welding speed on UFS. 
With increase of tool rotation speed, initially UFS decreases and then increases. Increase in 
the tool rotation speed causes increase in turbulence of the material flow. Due to turbulence, 
there is irregular deposition of the material in the weld zone. This irregular deposition leads to 
decrease in UFS of the weld. Hence, UFS decreases with increase in tool rotation speed. 
However, further increase in the tool rotation speed, tool is capable of mixing of work piece 
material in a better manner. The lattice distortion and intra granular dislocation density also 
increases with increase in tool rotation speed (Xu et al. 2009). So, more number of nucleation 
is produced during recrystallization that leads to large number of small grains. Finer grains 
formation and better mixing of material increases UFS of weld. After a critical speed, this 
phenomenon gives more strength than the strength reduced due improper deposition by 
turbulence. Therefore, UFS increases with increase in tool rotation speed after a critical tool 
rotation speed the.  
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Figure 3.22 Surface plot of tool rotation speed and welding speed  
 
Figure 3.23 shows the surface plot for effect of tool rotation speed and offset of the tool from 
weld line on UFS of the joint. Zero offset of the tool gives highest strength which means that 
the joint produced with tool inserting at the weld line produces highest strength joints. When 
tool is inserted at the center, equal deposition takes place both in advancing and retreating 
side. Due to this, the flexural strength is more as no weak area is available for the bend to take 
place with less stress. The effect of offset of the tool is more pronounced at higher tool rotation 
speed than at lower tool rotation speed.  
Figure 3.24 shows surface plot for effect of tool pin profile and offset of the tool from weld line 
on UFS of joint. Threaded pin tool produces weld with highest UFS. Threaded pin profile mixes 
the material better due to the threads present on the pin. The threaded pin provides more 
surface area and path for the flow of material. Due to this, the weld produced is having finer 
mixing in comparison to weld produced with other pin type tools. In straight pin tool, flow of 
material is mainly due to the material pushed during the motion of the tool. So the mixing of 
the material of different sheets is not as good as in the case of threaded pin tool. Hence, the 
strength of the joint created with straight pin tool is less. 
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Figure 3.23 Surface plot of tool rotation speed and offset of the tool 
 
Figure 3.24 Surface plot of tool pin profile and offset of the tool  
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3.3.6 Surface hardness 
Vickers hardness has been measured at the cross section area of the weld. Figure 3.25 shows 
the Vickers hardness of welds 2, 5 and 21. Vickers hardness of the base sheet was calculated 
at six points and the mean was found to be 45.3 HV. It has been observed that Vickers 
hardness of all the point in the weld is below the hardness of the base sheet. Zero in x-axis 
shows the center of the weld. The negative value in x-axis shows the distance of the point in 
millimeter on the advancing side and positive value shows the distance towards the retreating 
side. It is observed that in the weld zone the center part (nugget zone) has the lowest micro 
hardness. As material is pushed from the nugget zone towards the thermo mechanically 
affected zone during the tool travel the material concentration is reduced in this area. Due to 
this the micro hardness of this area is less. In the thermo-mechanically affected zone the 
hardness is more. Due to more material concentration this area shows a higher micro harness. 
The tool shoulder was taken of 16 mm. So it can be concluded that after 8 mm in both side 
heat affected zone is present. It is observed that after 8 mm there is reduction in micro 
hardness. As high temperature obtained during FSW the grain orientation is affected in this 
area. Due to this the material in this area becomes soft and shows less micro hardness. 
 
Figure 3.25 Surface hardness of weld 2, weld 5 and weld 21  
 
3.4 Conclusions 
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Aluminum alloy 1060 six mm sheets have been successfully welded using FSW. The main 
conclusions drawn from the present study is summarized as follows. 
 Tool rotation speed is the most significant parameter which affects the weld. The tensile 
strength increases with the increase in tool rotation speed. Higher heat generation and 
better mixing of the material enhances the tensile strength of the material. 
 Threaded pin tool is observed to produce weld having more UTS and UFS than weld 
produced with straight pin tool and taper pin tool. The threads present in the pin helps in 
proper movement and mixing of the work piece material.  
 From the radiography test, it has been observed that least material concentration is 
observed in the nugget zone after the welding process. The area adjacent to nugget zone 
(thermo-mechanically affected zone) is found to have highest concentration of material.  
 From surface morphology of fractured surface, it can be concluded that the ductility of the 
weld is highest at the upper surface of the weld and decreases towards the bottom of the 
weld.  
 The Vickers hardness test shows that the welding zone has less hardness in comparison 
to the base material. The weld center has the least hardness followed by heat affected 
zone. The hardness was found more towards the advancing side than in the retreating 
side. 
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Chapter 4 
 FRICTION STIR SPOT WELDING OF 
SIMILAR METALS 
4.1 Introduction 
The present study investigates friction stir spot welding (FSSW) of one mm sheet of aluminum 
6061 alloy. FSSW is a friction stir welding process in which the weld is generated in a certain 
area without giving the transverse motion. This produces a weld on an area and the weld size 
depends on the size of the pin and the shoulder of the tool. In FSSW lap welding process, two 
sheets are placed one above other as shown in Figure 1.2. The tool is inserted and retreated 
after some dwell time to get the weld. The tool pin and tool shoulder comes in contact with the 
work piece material and mix them to get the weld. The study attempts to analyse the effect of 
tool rotation speed, dwell time and tool pin diameter on the weld created. Face centered central 
composite design (FCCCD) of response surface methodology (RSM) is used to plan the 
experimentation. Vickers’s micro hardness test has been conducted at eight points in each 
sample. The cross section of the weld joint is examined to study the presence of any defect in 
this area. A finite element model (FEM) has been proposed using DEFORM-3D to predict 
temperature in the stir zone. Radiography images have been taken of the welds to study the 
weld properties and the flaws. The ultimate tensile load of each weld specimen has been 
analyzed to know the effect and significance of different parameters. 
4.2 Materials used and Experimental procedure  
4.2.1 Material used 
Aluminum 6061 alloy one mm sheet has been cut into dimension of 100 mm × 25 mm × 1 mm. 
Figure 4.1 shows work piece sample used for experimentation. Surface of work piece which 
comes in contact with the other work piece was rubbed with sand paper followed by cleaning 
with acetone to remove any impurity present on the surface. Three different tools have been 
prepared for the experimentation having tool pin diameter 3 mm, 4 mm and 5 mm. Tools have 
been prepared with H-13 tool steel having tool pin length of 1.7 mm and tool shoulder diameter 
of ten mm. The shoulders of the different tools were given similar spiral groove to increase the 
friction with the work piece. Figure 4.2 shows three tools with different tool pin diameter used 
for experimentation. 
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Figure 4.1 Work piece used for experimentation 
 
 
Figure 4.2 Tools used for experimentation 
 
4.2.2 Experimental procedures 
Experiment has been designed with three parameters: tool rotation speed, dwell time and tool 
pin diameter. Dwell time is the time for which the tool is kept rotating in tool after completion of 
insertion. Screening experiments and extensive literature survey have been carried out to 
obtain parametric range with which good quality weld can be achieved. FCCCD of RSM has 
been adopted to do the analysis with reasonable amount of experiment. All parameters have 
been taken at three different levels to conduct the experiments. Table 4.1 shows different levels 
at which experiment have been conducted. Table 4.2 shows the experimental layout with 
parametric levels in coded value. Total twenty runs of experiments have been conducted with 
various parametric setting. There are eight factorial points, six axial points and six center points 
in the experimental layout.  
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Table 4.1 Level of parameters 
 
Coded value  
Level 1 
-1 
Level 2 
0 
Level 3 
1 
Tool rotation speed (RPM) 1000 1500 2000 
Dwell time (Seconds) 4 6 8 
Tool pin Diameter (mm) 3 4 5 
 
Experiments were conducted on a CNC vertical axis milling machine with proper fixtures. 
Figure 3.5 shows the machine used for the experimentation. The tools were attached to the 
tool spindle for providing rotational as well as vertical motion. Two welds are created with each 
parametric setting. One weld has been used for tensile strength test and second is used for 
radiography, microscopic study and Vickers hardness test. Tensile test was conducted 
according to ASTM D1002-2001 standard.  This test has been conducted with cross head 
speed of 0.5 mm/min. The ultimate tensile load (UTL) obtained for each weld is shown in Table 
4.2. All the UTL was calculated in newton (N) unit. The welded samples were cut using wire 
electrical discharge machine into two parts and polished using standard metallurgical polishing 
process. Keller’s reagent was used for etching the polished samples. 
Table 4.2 Experimental layout and UTL of weld 
Experimental 
run 
Tool rotation speed 
(RPM) 
Dwell 
time (s) 
Tool pin 
diameter (mm) 
Ultimate tensile 
load (N) 
1 -1 -1 -1 362 
2 1 -1 -1 1349 
3 -1 1 -1 425 
4 1 1 -1 902 
5 -1 -1 1 405 
6 1 -1 1 1250 
7 -1 1 1 836 
8 1 1 1 1231 
9 -1 0 0 772 
10 1 0 0 1375 
11 0 -1 0 756 
12 0 1 0 698 
13 0 0 -1 629 
14 0 0 1 858 
15 0 0 0 885 
16 0 0 0 906 
17 0 0 0 844 
18 0 0 0 889 
19 0 0 0 936 
20 0 0 0 915 
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A finite element (FE) model has been developed using DEFORM-3D as shown in Figure 4.3. 
Assembly of FE model consists of three parts: tool, work piece and backing plate. Work piece 
is made with 22279 elements having 5403 nodes. Elements are made of equal size to get 
result with accuracy all over the surface. Tool is made of 33751 elements having 7414 nodes 
and backing plate with 3458 elements with 887 nodes. Dimension of work piece for model is 
kept 25 mm × 20 mm × 2 mm and backing plate is taken 40 mm × 40 mm × 5 mm. Work piece 
in model is considered to be rigid visco-plastic and welding tool and back plate is assumed to 
be rigid. This assumption is reasonable as yield strength of work piece is significantly lower 
than yield strength of tool used.  Buffa et al. (2006) have proposed constitutive equations, finite 
element formulation, thermal effect formulation and material model for the FE model of Friction 
stir welding. These equations and formulations have been taken for formulation of this model. 
Material model has been considered with thermal conductivity k=167 W/m-K and thermal 
capacity c=2.4 N/(mm2 °C). Value of k and c are taken constant in this process. A constant 
shear friction factor of 0.45 has been used for tool-sheet interface. The tool model is taken with 
four mm dia of tool pin and the rotational speed is taken 1500 tool rotation speed. Insertion 
speed is taken 0.5mm/s to a depth of 1.8 mm. Dwell time has been taken to be six second 
after insertion of tool pin. 
 
Figure 4.3. Schematic illustration of tool, work piece and back plate 
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During the experimentation, temperature was recorded using thermo couple. Thermo couple’s 
end was inserted into bottom plate from below at a distance of one mm from the tool pin 
circumference. The temperature reading was taken at an interval of one second from the start 
of welding till thermocouple’s end was destroyed. The reading of the thermocouple has been 
shown as diamond shape in Figure 4.4. Temperature was recorded from model at the same 
point of weld area and has been shown as continuous line in Figure 4.4. It can be observed 
that a good match is present between temperature predicted by the FE model and temperature 
recorded during the experiment. The temperature predicted by the FE model is nearly accurate 
to the value obtained during the process. Hence, proposed FE model can be used to predict 
the temperature of different weld areas. 
 
Figure 4.4. Experimental and predicted temperature with time 
 
4.3 Results and Discussion 
Figure 4.5 shows images of weld 2 and weld 11 (Welding done with parametric setting of 
experimental run N, as specified in table 2, is represented as weld N). Figures 4.5a and c show 
top view of weld 2 and weld 11 respectively. After visual inspection of the weld, it can be 
concluded that there is no surface crack present on weld surface.  
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Figure 4.4 b and d show radiography test image of weld 2 and weld 11 respectively. Inner circle 
marked as point 1 shows inner weld zone, which is tool pin insertion area. Outer circle marked 
as point 2 is the region showing the outer weld zone where tool shoulder comes in contact with 
upper sheet. Inner circle is dark which shows that less material is present there. The extra 
material has been pushed towards the outer circle making outer circle area with highest 
material concentration; hence it looks brighter than other areas. Radiography test shown in 
Figures 4.5b and d indicate that no dark line exists in the welds leading to conclus ion of 
absence of any crack in the weld area. 
Air inclusion is visible as dark spot in both test samples shown at point 3. This shows that air 
is trapped randomly at intersection of inner and outer weld zone. When the tool pin enters, air 
is pushed towards outside. But outer sheet area gets welded when the tool shoulder comes in 
contact with upper sheet leaving no passage for air to exit from weld area. It is observed that 
air is randomly distributed and not present in all welded samples. It is mostly found at 
intersection of two weld zones. 
Figure 4.5. Image of weld (a) Surface of weld 2 (b) Radiography image of weld 2 (c) Surface 
image of weld 11  (d) Radiography image of weld 11 
 
Vickers hardness test has been performed at different points. These points are shown in Figure 
4.6 which is approximate points at which the micro hardness test has been done. Points 1 and 
8 are the points outside the outer weld area. This area is affected only by heat generated 
(a) 
 
(c) 
 
(b) 
 
(d) 
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during welding. Points 2 and 7 are located at upper plate just beside the tool pin insertion area. 
Points 3 and 6 are located in lower plate just beside tool pin insertion area. Points 4 and 5 are 
the points just below tool pin insertion area. 
 
Figure 4.6 Image of weld 19 showing different point at which micro hardness has been  
calculated 
 
During the analysis, no trend in micro hardness has been observed with parametric settings. 
But a trend was visible depending on area at which Vickers hardness has been calculated. 
Vickers hardness of base plate was measured at six different points in different sheets and 
mean was found to be 90.3 HV. Hardness obtained at point 1 and points 8 are approximately 
equal to base material hardness. It shows that heat-affected zone does not cause any major 
change in Vickers hardness. Points 2 and 7 shows a sudden rise in hardness. It is observed 
due to high material flow and more compressed material at that point. From the radiography 
test, we have concluded that the outer weld zone has higher compressed material. Due to 
mixed effect of material flow and compressed material, hardness obtained at these points is 
high. Hardness observed at points 3 and 6 are approximately equal to base material. This is 
due to the fact that stirring has not reached the lower part of the bottom plate; hence there is 
no mixing at these points. Points 4 and 5 show maximum hardness in comparison to other 
points. This area goes through maximum compression creating highest compressed material 
leading to highest Vickers hardness.   
Figure 4.7 shows the Vickers hardness at different point in welds 4, 6, 8, 11, 14 and 17 obtained 
through different parametric arrangement. It can be observed that similar trend of hardness 
variation is found in all the welds. The hardness pattern shows that hardness is more in the 
area where high compression of material takes place during welding. 
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(a) 
 
(b)
 
(c) 
 
(d) 
 
(e) 
 
(f) 
 
Figure 4.7 Micro hardness vs. observed points of different welds (a) Weld 4 (b) weld 6 (c) weld 
8 (d) weld 11 (e) weld 14 (f) weld 17 
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Figure 4.8 shows microscopic optical images for welds 11 and 19. From the radiography test, 
it was found that no cracks were detected in both the welds. Microscopic optical image of weld 
19 shows that no crack is present and weld is good at both sides. But microscopic image of 
weld 11 shows presence of fine crack at the joint of two sheets. The crack is present in 
horizontal direction. This crack was found to be planar in nature and was spread in x-y plane. 
This shows radiography test is unable to detect cracks which are formed in x-y plane and fine 
examination is required to observe these defects. 
(a) 
 
(b) 
 
(c)  
 
(d) 
 
Figure 4.8 Microscopic images of welds (a) Left side of weld 19 (b) Right side of weld 19 (c) 
left side of weld 11 (d) right side of weld 11 
 
Figure 4.9 shows the FE model slice view of work piece after completion of insertion of tool 
into the work piece. Temperature profile shows that highest temperature is achieved at point 
2, 4, 5 and 7. These are places where tool has interaction with work piece material. The friction 
between the bodies and energy released during breakage of metallic bonds increases the 
temperature of this part. As the highest mechanical work takes place at these areas so Vickers 
hardness is maximum in this area. It also shows that temperature outside outer weld zone is 
approximately 160°C so this area doesn’t get much affected due to heat. Hence properties of 
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material in these areas are not changed to much extend during welding. Hence this area was 
observed to show similar micro hardness as the base material. 
 
Figure 4.9 Slice view of workpeice at tool inserted 
 
Total energy used with respect to time is shown in Figure 4.10. This shows that the energy 
required during welding increases exponentially during insertion of tool pin. This is because 
energy is required to insert tool pin into work piece and overcome friction produced between 
tool material and work piece materials. After completion of sinking of tool into work piece, total 
energy used rises at a very slow rate indicating that little interaction between tool and work 
piece is present after the tool sinking is complete.  
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Figure 4.10 Total energy with respect to time 
 
Tensile test was carried out on the welds obtained at different parametric settings. The UTL 
obtained for each weld is shown in Table 4.2 and has been plotted vs. experimental run in 
Figure 4.11. From the figure, we can conclude that with change in parametric setting for 
welding the UTL changes. The maximum UTL obtained is 1375 N for weld 10 and minimum is 
362 N for weld 1. This shows that there is variation in UTL with a change in parameters. Further 
investigation on the effect of the parameters has been done with analysis of variance (ANOVA) 
analysis.  
 
Figure 4.11 Variation in UTL with experimental run 
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ANOVA for UTL is shown in Table 4.3. The coefficient of determination (R2) for the analysis is 
found to be 99.08%. The diagnostic check has been done to check the adequacy of the 
developed model. The normality curve for the diagnostic check has been shown in figure 4.12. 
The results show that the points are normally distributed in the curve. These result validates 
the proposed model. 
 
Figure 4.12 Normal plot of the UTL for the developed model 
From the table, it can be concluded that tool rotation speed and tool pin diameter are significant 
parameters. Dwell time do not have any significant effect on the UTL. Interaction of tool rotation 
speed and dwell time and tool rotation speed and tool pin diameter are found to be significant 
interaction. 
A regression equation has been generated in coded form as given in Eq. 4.1. 
UTL= 882.35 + 330.7 × A - 3 × B + 91.3 × C - 120 × A × B - 28 × A × C + 99.5 × B × C + 211.36 
× A2 - 35.14 × B2 - 118.64 × C2                   (4.1) 
From the analysis, it has been observed that maximum UTL of 1432 N can be obtained with 
parametric setting of 2000 RPM of tool rotation speed, 4.6 second of dwell time and 4.28 of 
tool pin diameter. 
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Table 4.3 ANOVA for UTL 
Source 
Sum of 
Squares df Mean Square 
F 
Value 
p-value 
Prob > F   
Model 1537163.41 9 170795.93 119.44 < 0.0001 significant 
A-Tool rotation 
speed  1093624.9 1 1093624.9 764.81 < 0.0001   
B-Dwell Time 90 1 90 0.06 0.8070   
C-Tool pin 
Diameter 83356.9 1 83356.9 58.30 < 0.0001   
A×B 115200 1 115200 80.56 < 0.0001   
A×C 6272 1 6272 4.39 0.0627   
B×C 79202 1 79202 55.39 < 0.0001   
A2 122855.11 1 122855.11 85.91 < 0.0001   
B2 50220.051 1 50220.05 35.12 0.0001   
C2 38705.11 1 38705.11 27.07 0.0004   
Residual 14299.13 10 1429.91       
Lack of Fit 9364.30 5 1872.86 1.90 0.2495 
not 
significant 
Pure Error 4934.83 5 986.97       
Cor Total 1551462.55 19         
 
Figure 4.13 shows the surface plot for effect of tool rotation speed and dwell time on UTL of 
weld. UTL increases with increase in tool rotation speed. High tool rotation speed leads to 
more heat generation at the interference. Due to this, the material become soft and the flow 
stress of the work piece material decreases. High tool rotation speed also leads to better mixing 
of the material in the weld area. Due to these effects, UTL increases with increase in tool 
rotation speed. At lower dwell time, rise is more rapid than the rise at higher dwell time.  
At lower tool rotation speed, the UTL increase with rise in dwell time but at higher tool rotation 
speeds UTL decreases with rise in dwell time. At lower welding speed, the mixing and heat 
generation per unit time is less. As the dwell time is increased, more mixing and heat 
generation takes place. This leads to rise in UTL of weld. But at higher tool rotation speed, the 
mixing takes place for small duration of time. As the dwell time is increased, the tool rubs 
against the work piece and material is removed from work piece in form of blurs. This reduces 
the thickness of the weld zone. Due to this, the UTL of the weld decreases with increase in 
dwell time. 
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Figure 4.13 Surface plot tool rotation speed and Dwell time  
 
Figure 4.14 shows the surface plot for the effect of tool pin diameter and dwell time on UTL of 
the weld. It is observed that UTL increases with increase in tool pin diameter initially and then 
starts decreasing after reaching the peak point. As tool pin diameter increases, the area of the 
pin which directly comes in contact with work piece increases. This area is the area where 
highest mixing of the material takes place and gives maximum strength to the weld. Hence, 
we observe a rise in UTL with increase in tool pin diameter. With increase in tool pin diameter 
the area of sheet which gets welded below the tool shoulder decreases. This phenomenon 
decreases the strength of the joint. After an optimum tool pin diameter, the decrease in strength 
is more than increase in strength with increase in tool pin diameter. Hence, the UTL starts 
decreasing. So, the tool pin diameter should be optimum to get highest UTL. At lower dwell 
time the effect is less than at higher dwell time. 
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Figure 4.14 Surface plot for tool pin diameter and dwell time 
 
4.4 Conclusions 
From the present study of FSSW aluminum 1060 alloy following conclusions can be made: 
 From the radiography test, it can be observed that air inclusion are present in FSSW and 
are mostly present near the intersection of the inner and the outer weld zone. 
 Microscopic study of the cross section of weld zone shows that cracks are found at the 
intersection of the two plates. The crack was planar in nature and was not detected by 
radiography test. 
 The change in parametric setting has insignificant effect on the micro hardness of the body. 
Micro hardness is found to vary along the cross section of the weld. The areas were more 
compressed material is present shows rise in Vickers hardness.  
 Tool rotation speed and tool pin diameter are found to be significant parameters during 
analysis of UTL of weld. With rise in tool rotation speed, UTL of the weld increases. If tool 
pin diameter is increased, the UTL initially increases but later it starts decreasing. So, 
optimal tool pin diameter should be taken for the welding. 
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Chapter 5 
 FRICTION STIR SPOT WELDING OF 
DISSIMILAR METALS 
5.1 Introduction 
Conventional welding processes mostly creates joint by melting the materials and allowing 
them to solidify together. Due to the difference in thermal conductivity and melting temperature 
of different materials, good quality weld is difficult to achieve through this processes. FSSW is 
a promising technique to create welds between dissimilar metals. In this process, materials 
are mixed together in their solid state at high temperature and pressure. FSSW creates the 
weld by mixing the material mechanically; therefore, no melting takes place. In the previous 
chapter, we have discussed the friction stir spot welding (FSSW) of similar metals. In this 
chapter, FSSW of dissimilar metals has been studied. In the present study, aluminum 6061 
alloy has been welded with pure copper sheet. Copper and aluminum alloys are two of the 
most widely used material in the field of manufacturing electrical appliances. Since both the 
materials possess high thermal conductivity, their weldability characteristic is poor. The most 
widely used method to join aluminum and copper is by riveted joint. But this is less convenient 
than welding process. Brazing is used to join copper and its alloys but aluminum alloys are 
difficult to be joined by brazing process. In the current chapter, the effect of tool rotation speed, 
dwell time and tool pin diameter on ultimate tensile load (UTL) has been studied. Analysis of 
variance has been done for the UTL to analyze effect and significance of different parameters 
on the joint.  
5.2 Materials used and Experimental procedure 
5.2.1 Materials of the tool and work piece 
For the current study, one millimeter sheet of aluminum 6061 alloy and pure copper has been 
used as work pieces. These sheets were cut into the dimension of 100 mm × 20 mm × 1 mm. 
Before the experiment, the surface which comes in contact during welding was rubbed with 
sand paper followed by cleaning with acetone to remove any impurity present. The sheets 
were made flat to avoid any space between them during welding. Figure 5.1 shows the work 
piece plates after welding. 
The tools for this experimentation were prepared with H-13 tool steel material. The yield 
strength of this tool material is quite higher than the yield strength of work piece material. From 
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extensive literature survey, it has been observed that the particles of the tool may mix with the 
work piece during welding process if the yields strength of tool material is lower than that of 
work piece. Due to this, the properties of the weld zone changes. H-13 tool steel is a high 
strength material which shows a good strength when exposed to cyclic heating and cooling of 
materials. Figure 5.2 shows the tool used for the welding process. 
 
Figure 5.1 Weld generated between dissimilar metals 
 
 
Figure 5.2 Tools used for experiment 
 
5.2.2 Experimental procedure 
In the current work, analysis has been done to find the effect and significance of different 
parameters on the FSSW of dissimilar metal. Extensive literature survey was carried out to 
find different parameters that have effect on FSSW. It was found that tool rotation speed, tool 
pin diameter, tool tilt angel and dwell time are the parameters which have effect on the FSSW 
weld quality. Three parameters have been considered for the present analysis: tool rotation 
speed, dwell time and tool pin diameter. Dwell time is the time for which the tool is kept rotating 
at the point after the tool insertion was complete. Screening experiments have been conducted 
to find the range in which good weld was achieved with these parameters. For the 
experimentation, each of the parameter was taken at three levels. This was done for 
convenient setting of the parameters on the machine. Table 5.1 shows the different parameters 
and different level with which the experiments has been conducted. Face centered central 
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composite design of response surface methodology has been applied to design the 
experimental layout for the experimentation. This method is used to have the analysis with 
reasonable number of experiments. Table 5.2 shows the experimental layout for the 
experimentation in coded form. It also shows the UTL of the weld achieved with different 
experimental run. 
Table 5.1 Parameters level for experiment 
 
Coded value  
Level 1 
-1 
Level 2 
0 
Level 3 
1 
Tool rotation speed (RPM) 1000 1500 2000 
Dwell time (Seconds) 4 6 8 
Tool pin Diameter (mm) 3 4 5 
 
Table 5.2 Experimental layout for dissimilar metal joint 
Experimental 
run 
Tool rotation speed 
(RPM) 
Dwell 
time 
(s) 
Tool pin diameter 
(mm) 
Ultimate tensile 
load (N) 
1 -1 -1 -1 396 
2 1 -1 -1 440 
3 -1 1 -1 402 
4 1 1 -1 425 
5 -1 -1 1 550 
6 1 -1 1 749 
7 -1 1 1 568 
8 1 1 1 744 
9 -1 0 0 582 
10 1 0 0 644 
11 0 -1 0 565 
12 0 1 0 570 
13 0 0 -1 369 
14 0 0 1 546 
15 0 0 0 594 
16 0 0 0 545 
17 0 0 0 578 
18 0 0 0 547 
19 0 0 0 584 
20 0 0 0 593 
 
The experiment was conducted on a vertical axis milling machine as shown in Figure 3.3. The 
tool was connected to the spindle of the machine. The tool rotation and vertical axis motion (Z-
axis motion) of the tool was given through the spindle. The work piece was clamped to the 
machine table. A very high stress is generated in FSSW process so it needs a very robust 
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fixture. Thin sheets are very weak in strength and gets easily destroyed and deformed when 
high pressure is applied to hold them. So a suitable fixture was deveoped to hold the sheets 
in position. Since no x-axis and y- axis motion is required in FSSW, the machine table was 
fixed in its position. After the completion of the experiment, the specimens were taken for the 
tensile strength test. The tensile test experiment was conducted according to ASTM D1002-
2001 standard. During the test, the cross-head motion was given at a velocity of 0.25 mm per 
min. The results obtained were analyzed with analysis of variance. 
5.3 Results and discussion 
Figure 5.2 shows the weld achieved between the work pieces. It is observed that a sound spot 
weld was produced between the work pieces. Figure 5.3 shows the UTL observed for the weld 
with different experimental run. The highest UTL is 749 N for the weld 6 and lowest is 369 N 
for the weld 13. It is observed that there is variation in the UTL for the weld achieved with 
different parametric setting. Further analysis has been done with analysis of variance 
(ANOVA). 
 
Figure 5.3 Variation in UTL with experimental run  
 
Table 5.3 shows the ANOVA for UTL of dissimilar metal joint. The coefficient of determination 
(R2) for the analysis is found to be 97.17%. The diagnostic check has been done to check the 
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adequacy of the developed model. The normality curve for the diagnostic check has been 
shown in figure 5.4. The results show that the points are normally distributed in the curve. 
Hence we can tell from the diagnostic check that the model is valid. 
 
Figure 5.4 Normal plot of the UTL for the developed model 
From the ANOVA, it was found that tool rotation speed and tool pin diameter is the significant 
parameters. Dwell time is found to be an insignificant parameter. Interaction of tool rotation 
speed and tool pin diameter is found to be significant interaction. 
A regression equation has been generated in coded form as given in Eq. 5.1.  
UTL= 567.20 + 50.4 × A + 0.9 × B + 112.5 × C - 5.5 × A × B + 38.5 × A × C + 2.76 × B × C + 
55.23 × A2 + 9.78 × B2 - 100.27 × C2                 (5.1) 
From the analysis, it can be observed that maximum UTL of 742 N is observed with parametric 
setting of 2000 RPM tool rotation speed, 4 second dwell time and 4.74 tool pin diameter. 
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Table 5.3 ANOVA for UTL 
Source 
Sum of 
Squares df 
Mean 
Square F Value 
p-value 
Prob > F   
Model 194273.4 9 21585.93 38.21 < 0.0001 significant 
A-Tool Rotation Speed 25401.6 1 25401.6 44.96 < 0.0001   
B-Dual Time 8.1 1 8.1 0.014 0.9071   
C-Tool Pin Diameter 126562.5 1 126562.5 224.02 < 0.0001   
A×B 242 1 242 0.43 0.5276   
A×C 11858 1 11858 20.9 0.0010   
B×C 60.5 1 60.5 0.11 0.7502   
A2 8387.64 1 8387.64 14.84 0.0032   
B2 260.20 1 260.20 0.46 0.5128   
C2 27650.2 1 27650.2 48.94 < 0.0001   
Residual 5649.54 10 564.95       
Lack of Fit 3204.04 5 640.80 1.31 0.3871 not significant 
Pure Error 2445.5 5 489.1       
Cor Total 199923 19         
 
Figure 5.5 shows the surface plot for the effect of tool rotation speed and dwell time on the 
UTL of the joint. We can observe that UTL of the weld increases with increase in tool rotation 
speed. It is observed that effect of tool rotation speed is less significant below 1500 rpm of tool 
rotation speed. After 1500 rpm, tool rotation speed has comparatively more significant effect. 
Keeping other factors constant when tool rotation speed is increased the interaction of the tool 
with work piece increases. This generates more friction between the tool and work piece 
material that leads to increase in the temperature of the body. At higher temperature the flow 
stress of the body reduces. Moreover, when the tool rotation speed is increased more mixing 
of material takes place. Low flow stress and better mixing of work piece material leads to finer 
mixing of the material. Hence finer mixing of material leads to increase in UTL of the joint with 
increase in tool rotation speed. This is observed that at lower as well as higher dwell time the 
same effect of tool rotation speed is present.  
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Figure 5.5 surface plot of tool rotation speed and dwell time 
 
Figure 5.6 shows the surface plot for the effect of tool rotation speed and tool pin profile on 
UTL of the joint. From the ANOVA analysis, it can be observed that the interaction between 
tool rotation speed and tool pin diameter is significant. From the Figure 5.5 it can be observed 
that with the rise in tool pin diameter initially the UTL increases but after a peak it starts 
decreasing. When tool pin diameter is increased, the area of the tool pin which comes in 
contact with work piece material during welding also increases. The material around the tool 
pin gets highest mixing during the process and gives highest strength to the joint. Hence with 
the rise in tool pin diameter the strength of the joint increases. With the increase in tool pin 
diameter after a certain point the UTL starts decreasing. This can be explained as the pin 
diameter increase the area of the key hole area also increases. 
Design-Expert® Software
Factor Coding: Actual
Ultimate tensile load
Design points above predicted value
Design points below predicted value
749
369
X1 = A: Tool rotation speed
X2 = B: Dwell Time
Actual Factor
C: Tool Pin Diameter = 4.00
4.00  
5.00  
6.00  
7.00  
8.00  
  1000.00
  1250.00
  1500.00
  1750.00
  2000.00
300  
400  
500  
600  
700  
800  
U
lti
m
at
e 
te
ns
ile
 lo
ad
A: Tool rotation speed
B: Dwell Time
70 
 
 
Figure 5.6 Surface plot of tool rotation speed and tool pin profile  
 
This area is the area of least thickness and eventually least strength. There will also be 
decrease in the region where bonding is formed between the two plates due to mixing by the 
tool shoulder. The strength reduction due to these two factors will after some critical tool pin 
diameter will overcome the effects which lead to increase in UTL with increase in tool pin 
diameter. So the tool pin diameter should be optimal to get the highest UTL of weld.  
5.4 Conclusions 
A FSSW of dissimilar material has been successfully achieved between dissimilar materials. 
The main conclusions drawn from the present study is summarized as follows. 
 For the analysis of UTL of the weld, the tool rotation speed is a found to be a significant 
parameter. With increase in tool rotation speed UTL of weld increases. The effect of 
tool rotation speed is less significant below 1500 RPM of tool rotation speed. But above 
1500 RPM tool rotation speed the effect is if more significant. 
 The tool pin diameter should be made of optimum size. Initially with rise in tool pin 
diameter the strength of the weld increases but eventually after a peak further increase 
leads to a fall in UTL. 
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Chapter 6 
 FRICTION STIR SPOT WELDING OF 
METAL AND POLYMER 
6.1 Introduction 
Friction stir spot welding (FSSW) is a spot welding process in which weld is created on a spot 
area due to mechanical mixing of material at elevated temperature. In this process, a third 
body (tool) is used to generate heating and mixing of the material. In the previous chapters 
similar and dissimilar metals have been successfully welded by this process. In the current 
chapter, an attempt has been made to join dissimilar material (metal and polymer). For the 
current study, copper has been used as metal materials and Poly (methyl methacrylate) 
(PMMA) is used as polymer material. PMMA has a wide spread application in which it is 
attached with metals in civil infrastructure projects and home decorations projects. In most of 
the cases adhesive joint is created between them but adhesive joint have less strength. Copper 
has high strength, thermal conductivity and melting point. PMMA being a polymer have its 
mechanical properties and thermal properties very much inferior to copper.  
During literature survey it was found that very few attempts have been made to join metal with 
polymer with FSSW. Due to lack of literature in this field, prior experiments were done to find 
possibility of creating joint between copper and PMMA with FSSW. Different parameters for 
weld were inspired by the parameters taken for other FSSW processes. The ranges of the 
parameters were decided and each parameter was investigated at three levels. Face cantered 
central composite design of response surface methodology was applied to do the analysis with 
reasonable number of experiment. Analysis of variance was conducted to identify the 
significant factors and there effect on the weld. Tensile strength of each of the weld has been 
calculated and analysed. The material flow has been studied by observing the cross-section 
of the weld. 
6.2 Materials used and Experimental procedure 
6.2.1 Material of work piece and tool 
Copper is metal element which is widely acknowledged for its high thermal and electrical 
conductivity. It also possesses a high ductility and malleability. Electrode grade copper has 
been used in this experiment which has a copper content of more than 99.9 %. A thin sheet of 
copper having 1 mm thickness has been used for present study. The copper sheet was cut to 
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a dimension of 100 mm × 20 mm × 1 mm. Figure 6.1 shows the work pieces and the weld. The 
surface of the sheet which comes in contact with the PMMA during welding was rubbed with 
the sand paper followed by cleaning with acetone to remove any oxide or impurity present on 
the surface.  
 
Figure 6.1 Work piece and the weld generated 
 
The second work piece material taken is a 5 mm PMMA sheet. PMMA is a polymer of methyl 
methacrylate. The thermal and electrical conductivity of PMMA is low due to absence of any 
free electron in the body. PMMA is a transparent material which is dubbed with different 
colouring material to get different colour sheet. In the present study, a black colour 5 mm 
PMMA sheet has been used as work piece. The PMMA sheet was cut to dimension of 100 mm 
× 20 mm × 5 mm. The surface of the material was cleaned with soup water followed by acetone 
to remove any foreign material present on the surface.  
The tool has been generated with H-13 tool steel. Figure 6.2 shows the tools used for 
experimentation. Tool pin length has been taken as a parameter and tool has been made with 
pin length of 2 mm, 3 mm and 4 mm. The entire set of tool has been prepared with a tool 
shoulder diameter of 10 mm and tool pin diameter of 5 mm. The tool pin and tool shoulder 
surface was made to high surface finish to avoid any unnecessary interference with the work 
piece material.  
 
Figure 6.2 The tools used for experimentation 
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6.2.2 Experimental procedure 
In this study, the effect of tool rotation speed, dwell time and tool pin length has been 
investigated. Face cantered central composite design of response surface methodology has 
been implemented to design the experimental layout. All the parameters have been studied at 
three levels for convenient setting on the machine. Due to the lack of sufficient literature on 
FSSW of copper and PMMA with FSSW, prior experiments were done to find the range of 
parameter in which good strength weld can be generated.  
Table 6.1 shows the parameters and the different level at which the experiment has been 
conducted. Table 6.1 shows the coded value for the each level. Table 6.2 shows the 
experimental layout for the experimentation. Ultimate tensile load (UTL) is shown for all the 
parametric setting. All the UTL in this chapter is measured in newton (N) unit. The design of 
fixture was critical for the experimentation. With low pressure holding of the material lead to 
the displacement of the material during welding and high pressure holding destroyed the low 
strength polymer sheet dimension. Fixture was generated to get a robust hold on work piece 
without deforming the sheets. The difference in dimension of the copper sheet and PMMA 
sheet also raised the concerns. 
Experiments were conducted on a vertical axis milling machine. The tool was attached to 
spindle of the machine. It provided the tool with the rotational motion and vertical motion. The 
work piece was fixed with the machine table with suitable fixture. After the completion of the 
welding process the specimen were taken for the tensile test. The cross head speed was given 
0.25 mm/min during the tensile test. The result obtained were analysed with analysis of 
variance (ANOVA) to identify significant parameters and nature of their effect on the weld. The 
weld samples were cut and cross-section of the weld has been studied to get insight into the 
weld produced. 
Table 6.1 Levels of parameters  
 
Coded value  
Level 1 
-1 
Level 2 
0 
Level 3 
1 
Tool rotation speed (rpm) 1000 1500 2000 
Dwell time (Seconds) 4 6 8 
Tool pin length (mm) 2 3 4 
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Table 6.2 Experimental layout for dissimilar metal joint 
Experimental 
run 
Tool rotation 
speed 
Dwell 
time 
Tool pin 
diameter 
Ultimate tensile 
load 
1 -1 -1 -1 383 
2 1 -1 -1 250 
3 -1 1 -1 437 
4 1 1 -1 248 
5 -1 -1 1 489 
6 1 -1 1 431 
7 -1 1 1 456 
8 1 1 1 354 
9 -1 0 0 346 
10 1 0 0 234 
11 0 -1 0 401 
12 0 1 0 416 
13 0 0 -1 274 
14 0 0 1 444 
15 0 0 0 372 
16 0 0 0 362 
17 0 0 0 342 
18 0 0 0 365 
19 0 0 0 393 
20 0 0 0 395 
 
6.3 Results and discussion 
Table 6.2 shows the ultimate tensile load that was observed for the specimen with different 
parametric setting. Figure 6.3 shows the graph between the UTS and experimental run. From 
the graph it can be observed that a high variation in UTL is present. The highest UTL was 
found to be 489 N for the weld 5 and the lowest UTL was found 234 N for the weld 10. This 
shows that with change in parametric setting UTL of the joint is varied. For further investigation, 
the results were analysed with ANOVA. 
Table 6.3 shows the ANOVA for the UTL of the weld. The coefficient of determination (R2) for 
the analysis is found to be 93.76%. The diagnostic check has been done to check the 
adequacy of the developed model. The normality curve for the diagnostic check has been 
shown in figure 6.4. The results show that the points are normally distributed in the curve. 
Hence we can tell from the diagnostic check that the model is valid. 
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Figure 6.3 Value of UTS for experimental run 
 
 
Figure 6.4 Normal plot of the UTL for the developed model 
 
From the ANOVA it can be observed that tool rotation speed and tool pin length are the 
significant parameters. Interaction of tool rotation speed and tool pin length and dwell time and 
tool pin length is found significant.  
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A regression equation has been generated in coded form as given in Eq. 6.1.  
UTL= 361.82 - 59.4 × A - 4.3 × B + 58.2 × C - 12.5 × A × B + 20.25 × A × C - 20.25 × B × C - 
57.32 × A2 + 61.18 × B2 + 11.68 × C2                  (6.1) 
From the analysis it can be observed that maximum UTL of 521 N can be obtained with 
parametric setting of 1384 rpm tool rotation speed, 4 second dwell time and 4 mm tool pin 
length.  
Table 6.3 ANOVA for UTL 
Source 
Sum of 
Squares df 
Mean 
Square F Value 
p-value 
Prob > 
F   
Model 92206.99 9 10245.22 16.69 
< 
0.0001 significant 
A-Tool Rotation 
Speed 35283.6 1 35283.6 57.49 
< 
0.0001   
B-Dwell Time 184.9 1 184.9 0.30 0.5951   
C-Tool Pin Length 33872.4 1 33872.4 55.19 
< 
0.0001   
A×B 1250 1 1250 2.04 0.1840   
A×C 3280.5 1 3280.5 5.34 0.0434   
B×C 3280.5 1 3280.5 5.34 0.0434   
A2 9034.78 1 9034.78 14.72 0.0033   
B2 10293.84 1 10293.84 16.77 0.0022   
C2 375.28 1 375.28 0.61 0.4524   
Residual 6137.80 10 613.78       
Lack of Fit 4120.30 5 824.06 2.04 0.2260 
not 
significant 
Pure Error 2017.5 5 403.5       
Cor Total 98344.8 19         
 
Figure 6.5 shows the surface plot for effect of tool rotation speed and tool pin length on UTL 
of weld. It can be observed that with the increase in tool rotation speed the UTL of weld 
decreases. When the tool pin is pushed against the work pieces, the copper sheet material is 
pushed into the polymer sheet to create the joint. During this process, the work piece material 
near the tool pin is elongated and pushed into the polymer sheet. With the increase in rpm of 
the tool there is a rise in the fluidity and movement of the work piece material. This leads to 
more copper sheet material is pushed in to the polymer sheet. This phenomenon reduces the 
thickness of the copper sheet material in the weld zone. During tensile test fracture occurs 
from this less thickness area. Hence the UTL decrease with increase in tool rotation speed. 
From the ANOVA analysis, it can be observed that tool pin length is also a significant 
parameter. It is observed that with the increase in tool pin length, the weld strength increases. 
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This is because when the length of the tool pin is increased material from the copper sheet is 
pushed deeper into the PMMA sheet. As the length of the penetration increases more bonding 
is present between the copper material and the PMMA sheet material.  Due to this, more 
volume of the copper sheet and PMMA mixes and hence weld shows more strength. From 
Figure 6.4 it can be observed that with least tool rotation speed and high tool pin length, highest 
UTL is observed. This is because more penetration is achieved with higher tool pin length and 
as the tool rotation speed is low the reduction in thickness of copper sheet is less. 
 
Figure 6.5 Surface plot of tool rotation speed and tool pin length 
 
Figure 6.6 shows the cross section of weld produced with 700 rpm tool rotation speed, 4 
second dwell time and 4 mm tool pin length. Weld produced with these parametric settings 
showed highest UTS in tensile test. It can be observed that thickness of the metal is less in the 
weld spot weld area. The copper material has been pushed into the PMMA sheet to generate 
the bond. Area 1 shown in the Figure 6.6 shows the area from where the work piece material 
has bend to penetrate in to the PMMA sheet. Figure 6.7 shows the magnified image of area 1. 
It can be observed that mixing of material has taken place at the intersection of the metal and 
polymer sheet. Polymers have inserted into the gaps in the metal sheet due to the high 
pressure generated during the welding. Figure 6.8 shows the magnified view of area 2 shown 
Design-Expert® Software
Factor Coding: Actual
Ultimate Tensile Load (N)
Design points above predicted value
Design points below predicted value
489
234
X1 = A: Tool Rotation Speed
X2 = C: Tool Pin Length
Actual Factor
B: Dual Time = 0.00
-1.00  
-0.50  
0.00  
0.50  
1.00  
  -1.00
  -0.50
  0.00
  0.50
  1.00
100  
200  
300  
400  
500  
U
lti
m
at
e 
Te
ns
ile
 L
oa
d 
(N
)
A: Tool Rotation Speed (RPM)
C: Tool Pin Length (mm)
79 
 
in Figure 6.7. It is observed that no gaps are present in the intersection of the metal and 
polymer sheet. Fine mixing of material has taken place at intersection. 
 
Figure 6.6 Cross section of metal polymer weld 
 
 
Figure 6.7 Magnified view of area 1 
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Figure 6.8 Magnified view of area 2 
 
6.4 Conclusions 
The weld between copper and PMMA was successfully achieved. From the analysis of the 
weld generated following results has been concluded. 
 Tool rotation speed is found to be a significant parameter during the analysis of UTL of the 
joint. Higher UTL is achieved when the tool rotation speed is lower. This is due to less 
reduction of the thickness of the sheet at lower tool rotation speed. 
 During the analysis tool pin length was found to be a significant parameter. Higher tool pin 
length improves the UTL of the body. This is because better mixing and more penetration 
is achieved with higher tool pin length 
 From the study of microscopic images, it is observed that fine mixing of material has taken 
place during FSSW of metal polymer joint. The polymer material is pushed into the metal 
sheet gaps to produce the weld. No gap was found at the intersection of metal sheet and 
polymer sheet.  
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Chapter 7 
CONCLUSION 
7.1 Contribution of the present work 
In the present study, friction stir welding (FSW) and friction stir spot welding (FSSW) have 
been performed to produce similar as well as dissimilar material joints. From the observed 
results, effects of various parameters and their significance on weld quality have been 
estimated. The prime contributions of this research are as follows: 
 During FSW and FSSW processes, it has been observed that tool rotation speed is one of 
the most significant parameters. Tensile strength on joints of similar/dissimilar metals 
produced through FSW and FSSW increases with increase in tool rotation speed. Since 
increase in tool rotation speed causes enhanced heat generation and mixing of the 
material, it leads to achieve joints with superior strength. However, tensile strength of the 
joint decreases with increase in tool rotation speed in welding of metal with polymer. In 
FSSW process, the rotating tool is plunged into the work piece to create the joint. The metal 
work piece material is pushed into the polymer sheet to create the weld. With rise in tool 
rotation speed, the heat generation and movement of work piece material increases 
leading to more flow of material from the upper metal sheet into the lower polymer sheet. 
Since strength and density of polymer is less, easy movement of the metal into the polymer 
occurs. As a result, thickness of the metal sheet is reduced and fracture occurs from the 
less thickness zone. Hence, the tensile strength decreases with increase in tool rotation 
speed.  
 During the analysis of tensile strength and flexural strength, it has been observed that many 
joints exhibit good tensile strength but less flexural strength and vice-versa. Tool rotation 
speed and offset of the tool from weld line have different effect on tensile and flexural  
strengths. With increase in tool rotation speed, the tensile strength increase but the flexural 
strength initially decreases then increases. Offset of one millimetre towards retreating side 
produces weld having good tensile strength but for superior flexural strength the offset 
should be kept zero millimetre. The difference in parameters effect on tensile and flexural 
strength is due to deposition pattern of material in weld zone during welding. Higher rotation 
speed and offset toward retreating side produces better mixing of material; hence tensile 
strength increases. However, it produces joint that has low density in nugget zone. Hence, 
the bending takes place with less force. 
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 The fracture morphology of the specimen obtained from tensile test shows that the ductility 
of the material decreases from top towards the bottom of the weld. This phenomenon is 
observed due to the better mixing of the material in the upper part of the weld than the 
lower part of the joint. 
 Tool pin profile is found to significantly affect the weld quality during FSW of six millimetre 
aluminium alloy. Threaded pin tool was found to produce joint with superior strength. The 
threads present in the pin enhance the flow of material leading to better mixing of material 
in weld zone. Due to this, the tensile as well as the flexural strength increases. It has also 
been observed that the taper tool produces the weld with least vibration in the machine. It 
is recommended that taper tool should be used if the rigidity of the machine is low.  
 During the analysis of tensile and flexural strength, welding speed is observed to be an 
insignificant parameter. But the interaction of welding speed with tool rotation speed and 
offset of the tool from weld line is found to be significant. 
 In FSSW process, effect of tool pin diameter on weld quality has been studied for similar 
as well as dissimilar metal joints. It is observed that increase in tool pin diameter initially 
increases the tensile strength but it starts decreasing after the peak is reached. The pin 
diameter should be less than the half of tool shoulder diameter for FSSW process. 
 In all the FSSW experiments, it is found that dwell time is an insignificance parameter. It is 
observed that consumption of energy is small during the dwell time. This signifies that the 
interaction of tool and work piece during dwell time is less. Hence, in the range of 
investigation, the significance of dwell time is low. However, it shows a significant 
interaction with tool rotation speed and tool pin diameter during welding FSSW of 
aluminium sheet. It also shows significant interaction with tool pin length during FSSW of 
metal-polymer joint. 
 During micro hardness study of weld zone produced through FSW and FSSW, it is found 
that heat affected zone possesses less micro hardness than the base plate. This is 
because the temperature produced in the region during welding makes the zone soft.  
 Fine planar cracks were found in the intersection of the similar metal joints. It was observed 
that these cracks were not observed in the radiography test and fine investigation is 
required to study them.  
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7.2 Scope for Further Research 
The present work provides a wide scope for future investigators to explore many aspects of 
friction stir welding and friction stir spot welding process. Followings are some of the 
recommendations for future research: 
 Study of design and development of welding fixtures based on thickness of the work pieces 
to be welded, type of work pieces to be joined and type of joint.  
 Finite element based modeling can be done for friction stir spot welding of dissimilar 
materials.  
 Fixtures for friction stir spot welding of metal and polymer can be developed for easy and 
fast welding.  
 Tool wear during performing FSW with different parametric setting needs extensive study. 
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